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FOREWORD

flectrochemical energy storage devices will continue to play an important
role in our nation's space program. Space power technology requirements for
future spacecraft and missions are diverse and rapidly expanding; higher
power and energy levels will be required, and the challenges to decrease mass
and to increase efficiency, life, and reliability will remain as significant
goals. The development of advanced electrochemical energy storage
technologies and systems must continue in order to meet NASA's mission needs
and to enable new space opportunities in the future.

A wide variety of advanced electrochemical system concepts are in various
stages of development, new cell electrochemistries are being studied in the
laboratory, and programs which are directed towards the optimization of
components and the development of new materials are actively being pursued.
High energy density secondary batteries and regenerative fuel cell systems
currently under development, as well as other advanced energy storage concepts
which are being conceived and investigated, may represent the enabling
technologies for future space missions and extraterrestrial surface power
applications.

The second NASA Space Electrochemical Research and Technology (SERT)
Conference was held at the Lewis Research Center on April 11-13, 1989. The
objectives of the conference were to examine current technologies, research
efforts, and advanced concepts, and to identify technical barriers which
affect the advancement of electrochemical energy storage systems for space
applications. The conference provided a forum for the exchange and discussion
of ideas and opinions of a proper mix of research scientists, mission
planners, technology advocates, and power system engineers, representing
forty-eight industrial, academic, and governmental organizations.

The conference opened with a series of related overviews in the areas of
NASA advanced mission models (Low-Earth-Orbit (LEO) and Geosynchronous-Earth-
Orbit (GEQ) Missions, Unmanned Planetary Missions, and Human Exploration
Mission Studies). The technical sessions that followed consisted of papers
grouped into the following theme areas:

(1) Advanced Concepts

(2) Hydrogen-Oxygen Fuel Cells and Electrolyzers
(3) Nickel Electrode

(4) Advanced Rechargeable Batteries

The technical sessions were chaired by highly respected investigators who are
extremely knowledgeable in the practical aspects of complete electrochemical
system considerations.

Following the technical presentations, concurrent workshop sessions were
held to discuss in depth the critical issues that related to the technical
theme areas. These workshops, which were led by the technical session
chairpersons, provided a forum for general discussions to coalesce views and
findings into conclusions on progress in the field, prospects for future
advances, areas overlooked, and the directions of future efforts.
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This proceedings includes the related overviews, the technical papers,
and the viewgraphs of the workshop summary presentatlons which were prepared
by the session chair- and co-chairpersons.

On behalf of the Power Technology Division and the Lewis Research Center
staff, I would Tike to thank all of the conference attendees for their active
participation and contributions. Sincere appreciation is also extended to
Dr. Patricia 0'Donnell, who chaired the conference, and to the staff of the
Electrochemical Technology Branch, Jo Ann Charleston the Lewis Conference
Planning Office, and ERCI/D-K Assoc1ates Inc. for the1r assistance and
guidance.

Richard S. Baldwin -
1989 SERT Conference Coordinator
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OVERVIEW OF BATTERY USAGE IN NASA/GSFC LEO AND GEO SPACECRAFTS

Thomas Y. Yi
NASA Goddard Space Flight Center
Greenbelt, Maryland 20771

A survey of the batteries used in the LEO and GEO missions at the Goddard Space Flight Center is
described. For each spacecraft, tentative launch date is given, along with relevant battery
parameters including battery size and description, depth-of-discharge, predicted mission
temperature, and life requirement.

INTRODUCTION

The Goddard Space Flight Center (GSFC) has a role to expand human knowledge of the Earth, its
environment, the solar system, and the universe. And as such, the Center has been at the forefront
of space research and exploration through a myriad of spacecrafts, both low Earth orbiting (LEO)
and geosynchronous Earth orbiting (GEO) vehicles. A number of these satellites are listed in Table
1 which shows the relevant battery paramters associated with each spacecraft. All the spacecrafts
listed in the table have baselined the nickel-cadmium batteries. All the cells used in these batteries
are manufactured by Gates Aerospace Batteries (GAB) in Gainesville, Florida.

BATTERY USAGE

In July 1989, Cosmic Background Explorer (COBE) will be launched on a Delta rocket from the
Western Test Range. COBE is an in-house program to study the big-bang theory. COBE was
originally scheduled for a shuttle launch and it was designed with two 50Ah NASA Standard
batteries containing 22 cells per battery. However the launch vehicle was changed to a Delta rocket,
and the whole spacecraft was redesigned to fit this vehicle. The battery design was changed to a
modified 20Ah NASA Standard battery, 18 cells per battery. The battery usage profile is benign.
The mission requirement is for 1 year of battery usage with a predicted mission depth-of-discharge
(DOD) of 0 to 24% over one 63-day eclipse season. The batteries will be subjected to a temperature
range of 16 to 22°C. McDonnel-Douglas Company is the prime for the batteries.

The next GSFC spacecraft to be launched is National Oceanic and Atmospheric Administration
satellite (NOAA-D) in December 1989 for weather observation purposes. This spacecraft is among
a series of NOAA weather satellites which GSFC is cooperating with the National Oceanic and
Atmospheric Administration on. NOAA-Disina LEOQ/Polar morning orbit with a predicted
mission DOD of 0 to 16%. There are two 26.5Ah batteries in the spacecraft, 17 cells per battery.
The mission duration is 2 years with predicted mission temperature of 5°C. The next spacecraft,
NOAA-], is scheduled to be launched in May 1989. NOAA-I will operate in a LEO/Polar afternoon
orbit with 18% DOD, 5°C predicted mission temperature, and 2 year mission duration. It will have
three 26.5Ah batteries, 17 cells per battery. NOAA-J is planned for July 1992 launch, and
NOAA-K, November 1993. The batteries planned for the NOAA-K, L, and M spacecrafts will
utilize the GAB lightweight S0Ah NiCd design with salient characteristics of the NASA Standard
cell. General Electric-Astro, East Windsor is the prime contractor for NOAA satellites.



After NOAA-D, Gamma Ray Observatory (GRO) will be launched from STS 37 in April 1990.
The primary objective of the satellite is to study the gamma ray radiation phenomenon. The
spacecraft is in a LEO orbit with predicted mission DOD of 15% at 15°C. The battery requirement
is for 2.5 years of operation. There are six NASA Standard 50Ah batteries in GRO, 22 cells per
battery. These batteries are part of two modular power systems (MPS) made by
McDonnel-Douglas Company, each MPS containing 3 batteries.

In July 1990, the first of the second generation Geostationary Operational Environmental Satellite
(GOES) will be launched for weather observation purposes. This satellite, GOES-I, is in a GEO
orbit with battery parameters of 60% DOD, 7°C average temperature, and 5 years life requirement.
There are two 12Ah batteries in the spacecraft, 28 cells per battery. The remaining GOES have the
same battery parameters. GOES-J is scheduled for November 1991 launch, and GOES-K, May
1992 launch. The launch dates for GOES-L and GOES-M have not been finalized. Ford
Aerospace and Communications Company is the prime for GOES.

The last GSFC satellite scheduled for launch in 1990 is the Tracking and Data Relay Satellite

(TDRS) in December 1990. TDRS-E will be launched to a GEO orbit for communication purposes.

The spacecraft will contain three 40Ah batteries, 24 cells per battery. Relevant battery parameters
include the predicted mission DOD of 50%, mission temperature of 5°C, and duration of 10 years.
The next satellite, TDRS-F is scheduled for December 1992 launch, and TDRS-G, May 1994, The
next generation of TDRS will probably utilize other cell designs such as advanced NiCd or NiH,
instead of the existing NiCd design. TRW is the prime for present generation of TDRS.

In August 1991, the first of the GSFC explorer platform satellltes will be launched Extreme
Ultraviolet Explorer (EUVE), which is in a LEO regime, will have one MPS which contains three
NASA Standard 50Ah batteries. The batteries will be subjected to a predicted mission DOD of
15%, temperature of 15°C, and life of 3 years.

Upper Atmosphere Research Satellite (UARS) is planned to be launched from STS 50 in December
1991 to study the Earth's ozone layer and other environmental concerns. This spacecraft isin a 56°
inclination LEO. Like EUVE, UARS contains one MPS. The predicted mission DOD is 0 to 24%,

temperature, 10 to 16°C, and mlssmn duratlon 3 years.

In addmon to these missions, the GSFC has a number of Small Explorer satellites wlnch will be
launched from Scout rockets Battery requirements for these spacecrafts have not yet been
finalized.




TABLE 1. - OUTLINE OF GSFC MISSIONS AND ASSOCIATED BATTERY PARAMETERS

MISSION LAUNCH BATTERY ORBIT ) )
COBE 7/89 2 20 Ah Batteries LEOQO/Polar
18 Cells/Battery 0-24% DOD, 63-day Eclipse
1 Year Mission
16-22°C
NOAA-D 12/89 2 26.5 Ah Batteries LEQO/Polar Morning
17 Cells/Battery 0-24% DOD
2 Year Mission
5°C
GRO 4/90 6 50 Ah Batteries LEO
22 Cells/Battery 15% DOD
2.5 Year Mission
15°C
GOES-I 5/90 2 12 Ah Batteries GEO
GOES-J 11/91 28 Cells/Battery 60% DOD
GOES-K 5/92 5 Year Mission
7°C
TDRS-E 12/90 3 40 Ah Batteries GEO
TDRS-F 12/92 24 Cells/Battery 50% DOD
TDRS-G 5/94 10 Year Mission
5°C
NOAA-I 5/91 3 26.5 Ah Batteries LEQ/Polar Afternoon
17 Cells/Battery 18% DOD
2 Year Mission
5°C
EUVE 8/91 3 50 Ah Batteries LEO
22 Cells/Battery 15% DOD
3 Year Mission
15°C
UARS 12/91 3 50 Ah Batteries LEO, 56° Inclination
22 Cells/Battery 0-24% DOD
3 Year Mission

10-16°C
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THE IMPORTANCE OF BATTERIES IN UNMANNED MISSIONS

John W. Kiein
Jet Propulsion Laboratory
California Institute of Technology
Pasadena, California 91109

Introduction

The planetary program has historically used batteries to supply peak power
needs for mission specific applications. Any time that additional power has been
required in order to meet peak power demands or those applications where only
limited amounts of power were required, batteries have always been used. Up
until the mid to late 70's they have performed their task admirably. Recently,
however, we have all become aware of the growing problem of developing reliable
NiCd batteries for long mission and high cycle life applications. Today we will talk
about the role rechargeable batteries will play for future planetary and earth
observing spacecraft.

Historical Uses of Batteries
Planetary

Batteries have always been used whenever there was a need for power in
excess of what a standard primary power source could develop, whether it be from
solar arrays or radioisotope thermoelectric generators. Primary batteries have
been used in probes and other small spacecraft where limited mission life (on the
order of hours) is required. Where peak power needs exceed those available from
a primary source and are cyclic in nature, then secondary or rechargeable batter-
ies have been used.

Ranger

Ranger was the first spacecraft to use rechargeable batteries. It uti-
lized a AgZn battery to augment the power produced from solar arrays. No
battery failures occurred during these set of launches.

Mariner

The Mariner series of spacecraft saw the development of the power
system as we know it today. It started with AgZn batteries for Mariners 1
through 7. On Mariner 8, which launched in May 1971, NiCd batteries were
used for the first time. Due to the careful development and preflight testing

PRECEDING PAGE BLANK NOT FILMED



of these batteries, no failures occurred in the Mariner 7 and 8 power sys-
tem, which were identical. Similarly, Mariner 9 and 10 flew NiCd batteries
successfully.

Viking

Following the successes of the Mariner series of spacecraft, it was
decided to develop a lander and an orbiter for Mars observation. In both
cases, due to the success of the NiCd batteries of the Mariner series, NiCds
were used. Even on the lander, which had a much different environment
than had been encountered in space, NiCds were the battery of choice. As
in the Mariner case the NiCds performed as expected with no failures.

Leo/Geo

Planetary is not the only mission set where batteries have a historical base.
As we are all aware, they have been used successfully in Leo and Geo orbits. The
list of these missions is long and marked with great successes due to the careful
planning, engineering, and test of the spacecraft subsystems. To list just a few of
these include Seasat, the TIROS series, and the whole range of our communica-
tions capabilities today.

'Recent Experiences -

T would like to spend just a little bit of time to talk about some of the more
recent experiences with NiCds, however, and solicit the support of this group of
engineers and scientists to give to the power system designer that critical tool
that has eluded him, a reliable secondary battery. - -

Magellan

Let us start with a rather benign mission and see how the project insured
proper battery operation. First of all, the mission profile for Magellan is rather
benign for the batteries. The battery life is projected at 2100 cycles at a depth of
discharge no greater than 40%. This has kept the Magellan batteries well out of
the operational area of concern, high cycle count, coupled with large depths of
discharge. - . :

Gro Cn e o c e e

An Earth Observing spacecraft, however, is the first to stress the batteries
directly in the operational area of concern. Its high number of cycles has been a
major concern to the industry and has warranted careful monitoring of the Gro
project. As all of you are aware, the Gro test cells have degraded prematurely
using the standard Crane accelerated test. This implies that the batteries may not
perform as expected or required for the Gro mission.

Mars Observer 7 7 o

~ Noting this failure, the Mars Observer project has similar concerns. The
Mars Observer mission profiles calls for almost 9000 cycles, well beyond the area
of concern. To insure proper operation of the batteries, early coordinated efforts
between JPL and the Mars Observer prime contractor GE-ASD have led to a new

design that both parties feel will meet the mission requirements. Unfortunately,
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it is not a design that has either been qualified or flown before. Thus, early in the
program, test cells will be procured and cycled to see what operational concerns
arise. Unfortunately, the project has decided not to continue into mission profile
testing.

TOPEX

TOPEX is an Earth Observing mission with a similar type of battery profile.
It has a cycle life requirements of 20,000 cycles with a maximum depth of dis-
charge of 15%. While the DOD is not as severe as the Mars Observer condition,
the large number of cycles is a real concern. TOPEX and MO have teamed
together to perform cell testing in order to verify the battery design, separator
material, and lifetime. Until these test are completed in 1991, no battery deci-
sion can be made for either TOPEX or Mars Observer on the final design.

Solution

Thus, what power system engineers around the US and the world need is a
rechargeable battery that is reliable, that has been qualified, and that can meet the
strenuous requirements as posed by some of the more advanced scientific mis-
sions. Thus, I would like to solicit support from this austere body to continue to
develop batteries that return to the reliability levels seem in the late 70's. To do
this, two steps must be taken.

Rigorous Quality Control

First, a rigorous quality control plan must be developed that oversees the
development of new battery designs and insures their reliability. In addition, this
plan must take into account the new developments that will occur over the com-
ing years. We must incorporate advances as they become available, but what does
not need to occur is the wholesale change of a battery design before it has been
proven.

The recent battery workshops held on the NiCd problem have taken the
lead in understanding and remedying the problems seen today. These efforts
must not stop there but continue to improve the reliability and quality of batteries.

Rigorous Acceptance Testing

In addition to quality control, rigorous acceptance and accelerated life test-
ing must continue on all cells that will fly on strenuous missions. This is a hard
pill to swallow in today's world where every dollar has to be justified. However, I
hope that the recent GRO experience will convince project managers across the
US to take seriously the advantages of rigorous acceptance and life testing.

Mission Profile Testing

A caveat to the acceptance test concept is to also perform mission
profile testing so that the true nature of the long term performance is
understood. Without performing such long term tests, there is no way to



i

predict the true operating characteristics of the battery that is in flight. In
addition, if something occurs within the battery and/or the power system
and one battery is lost, having a battery that has gone through some mission
profile testing is invaluable to the understanding of future operational issues.
Of particular interest is how far can the battery be discharged safely, when
does it need to be reconditioned, how can the most energy be extracted
from the battery under the new operating condition.

Closing

In conclusion, NiCds have been and will continue to be the mainstay of the
power system engineers tools for peak power production. Recent experience has
tarnished its once sterling reputation. However, the industry has stood up to this
challenge and implemented wide ranging plans to rectify the situation. These
efforts should be applauded and supported as new designs and materials become
available.

In addition, project managers must become aware of their responsibility to
test "their" batteries and insure quality and mission operating characteristics.
Without this teamwork, the role of NiCds in the future will diminish, and other
batteries, not as optimum for high performance application (low mass and volume)
will take their place. Let us not let this happen, but to continue to strive to
develop batteries that are reliable, rugged, and qualified. '
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HUMAN EXPLORATION MISSION STUDIES

Robert L. Cataldo
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio 44135

The nation's efforts "to expand human presence and activity beyond Earth
orbit into the solar system" was given renewed emphasis in January of 1988
when the Presidential Directive on National Space Policy was signed into
effect. The expansion of human presence into the solar system has particular
significance, in that it defines long-range goals for NASA's future missions.
To embark and achieve such ambitious ventures is a significant undertaking,
particularly compared to past space activities.

INTRODUCTION

Two major efforts recently released, the National Commission on Space
Report, "Pioneering the Space Frontier," 1986, and astronaut Or. Sally Ride's
task force report, "Leadership and America's Future in Space," 1987, have
helped set goals and give focus to NASA's future direction. Dr. Ride's task
force formulated a plan to achieve the Commission's proposed agenda for the
civilian space program. The task force recommended four initiatives: (1) Mis-
sion Planet Earth, (2) Exploration of the Solar System, (3) Outpost on the
Moon, and (4) Humans to Mars. The first two initiatives, to a great degree,
are being pursued by NASA's Office of Space Science and Applications. However,
the last two initiatives prompted the task force to recommend that a special
NASA office be established to coordinate and lead human exploration studies.
Therefore, the Office of Exploration was established to provide a focal point
for these activities. These include establishing a mature understanding of
mission options and opportunities and defining those near-term activities that
can provide the greatest impact on future missions.

The Office of Exploration has established a process whereby all NASA
field centers and other NASA Headquarters offices participate in the formula-
tion and analysis of a wide range of mission strategies. These strategies
were manifested into specific scenarios or candidate case studies. The case
studies provided a systematic approach into analyzing each mission element.
First, each case study must address several major themes and rationale includ-
ing: national pride and international prestige, advancement of scientific
knowledge, a catalyst for technology, economic benefits, space enterprise,
international cooperation, and education and excellence. Second, the set of
candidate case studies are formulated to encompass the technology requirement
limits in the life sciences, launch capabilities, space transfer, automation
and robotics, in-space operations, power, and propulsion.

The first set of reference case studies identify three major strategies:
(1) human expeditions, (2) science outposts, and (3) evolutionary expansion.
During the past year, four case studies were examined to explore these strate-
gies. The expeditionary missions include the Human Expedition to Phobos and
Human Expedition to Mars case studies. The Lunar Observatory and Lunar
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Outpost to Early Mars Evolution case studies examined the later two strate-
gies. This set of case studies established the framework to perform detailed
mission analysis and system engineering to define a host of concepts and
requirements for various space systems and advanced technologies. This paper
describes the details of each mission and, specifically, the results
affecting the advanced technologies required to accomplish each mission
scenario.

MISSION STUDIES

case studies are examined yearly. This allows for a reasonable subset of - ..
options to be studied in some detail in order to establish first order effects
and trends in various system elements. Once the study has been characterized
in sufficient depth, different system elements can be replaced with new
options so that the overall system performance sensitivities can be analyzed.
The broad scope in case studies is engineered to provide'a wide range of mis-

sion options and to avoid making priorities between exploring the Moon or Mars.

The following candidate case studies are the first set of options studied
in 1988. These options are not the final set, in fact, during the coming
years these cases may be refined and new cases added, to form a comprehensive
set of options so that qualified engineering decisions can be made in the
final selection process for those studies that will be carried forward into a
program phase A/B.

HUMAN EXPEDITION TO PHOBOS

A manned expedition to Phobos, the inner Martian moon, would establish an
early U.S. exploration leadership. Activities such as exploration, resource
survey and science station set up would be conducted. Also, a fleet of small
teleoperated "low-tech" rovers could provide enhanced exploration of the Mar-
tian surface. The expedition to Phobos satisfies two objectives, that of
human exploration and previously studied robotic missions with sample return
options.

Past spectral analysis of both Phobos and Deimos suggest that materials
are present that could justify leveraging rocket propellants for future return
trips from Mars. Propellant production plants could allow vehicles to carry
fuel only for the trans Earth-Mars leg, and refuel at Phobos or Deimos for the
trans Mars-Earth leg. Earth to orbit (ETO) mass could be significantly
reduced, particularly with an evolutionary Mars mission. The Phobos mission
also relieves the pressure on the launch transportation systems, because of
reduced propellant mass required by not landing on Mars itself.

Mission Scenario
The Phobos expedition employs a "split/sprint" transportation scheme
where a cargo vehicle carrying science equipment, crew return propellant and

Mars rovers would be launched on a minimum energy trajectory. About 10 months
later, the vehicle carrying a crew of four on a high-energy sprint class
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trajectory is launched. Nine months later the crew vehicle mates with the
cargo vehicle in Mars orbit. Two crew members then board an excursion vehicle
and conduct the mission objectives on Phobos. The two remaining crew members
teleoperate rovers on the Martian surface and transfer propellant from the car-
go vehicle. After about 30 days in the Mars system the four crew members re-
turn to Earth having been away from Earth a total of 14 months.

HUMAN EXPEDITION TO MARS

Since the invention of the telescope, Mars, with its observed global dust
storms and "canali", has been a favorite destination for planetary exploration
and colonization. Mars has been called Earth's sister planet because of their
similarities, although it is not a very hospitable planet for humans. Scien-
tists have speculated that Mars had more of Earth's characteristics, denser
atmosphere water for example, which could have supported 1ifeforms early in
its evolution. Thus, there is a large international segment of the population

i

that suggests we return to explore Mars with manned missions. :
Mission Scenario

The Mars Expedition calls for three separate segments launched on suc-
cessive opportunities. The first segment includes a cargo vehicle preceding
the eight member crew on a split/sprint approach as in the Phobos mission.
However, the cargo vehicle that transports rovers, surface habitats, and explo-
ration and science equipment is placed in Mars orbit. After spacecraft ren-
dezvous, four crew members descend to the surface in the landing craft for a
20 day stay. The exploration party will perform science experiments and pos-
sibly explore the surface for water, minerals, volatiles, and biological traces
of present and past lifeforms. The crew will live in the pre-landed habitats
and utilize the rover for extended exploration. The remaining crew members in
orbit will transfer propellant from the cargo vehicle, perform orbital science
and support surface operations. The surface crew will unite with the orbit
craft and return to Earth. The total length of the mission would span about
14 months. On ensuing trips exploration of Phobos and Deimos would also be
included in the scenario along with different landing sites on Mars.

LUNAR OBSERVATORY

The Lunar Observatory, comprised of optical telescope arrays, stellar mon-
itoring telescopes, and radio telescopes would encompass both the radio and
optical spectrum. An observatory, constructed on the far or backside of the
moon, could provide scientists with information orders of magnitude greater
than could be achieved from one in earth or in low-Earth-orbit. Significant
benefits of lunar locations are: circumventing Earth's atmospheric impedi-
ments, shielding of electromagnetic waves and providing a stable foundation
for large instruments and arrays.

Mission Scenario
An estimated four flights to the Moon's far side would be required to

emplace the observatory. Two launches a year, one cargo and one crew, make up
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the mission set. One combined crew/cargo flight per year would follow. The
crew of four would remain on the Moon's surface only during the Lunar day
using their lander vehicle as a habitat, similar to the Apollo missions. A
permanent base is not required because of the short stay periods for maintain-
ing the observatory about every 3 years and other exploration missions would
land at different sites.

Unpressurized rovers would be used as crew transports during the observa-
tory set up and maintenance, as well as automated machinery used for material
handling and scientific equipment transport.

LUNAR OUTPOST TO EARLY MARS EVOLUTION

An evolutionary approach to space exploration is by building on the expe-
rience of living and working on the Moon. The Moon is very attractive to -
accomplish this since the transfer time back to Earth is only several days in
case an emergency situation would occur. A sustained human pressence on the
Tunar surface would provide valuable data on working in reduced gravity, human
factors considerations with long duration planetary missions and learning how
to extract and utilize local resources.

A recommendation of the National Commission on Space (NCOS) was that a
"bridge between worlds" be built with the first step to develop the Moon then
continue on to Mars. This case study defines the methodology necessary to ’
achieve that goal, by building a space exploration infrastructure that would
Tead to nearly self-sufficient space habitation. This, the most complex and
ambitious scenario, stretches the 1imits of technological advances in space
construction, utilization of indigenous resources, Tife support, artificial
gravity, chemical and electric propulsion, aerocapture, material and propellant
production and space power.

Mission Scenario

A series of both piloted and cargo flights would embark for the Moon.
Cargo would be sent on longer transfer trajectories using electric propulsion
and crews sent on fast chemically propelled transfer vehicles. It could take
several years to fully construct a surface facility, possibly with expediated
construction by vehicles operated from Earth. The principle goals of the base
ts to produce materials and liquid oxygen used for Mars flights. The effort
to produce these products is leverage against the mass otherwise launched from
Earth.
Sometime later, possibly 6 to 10 years, the Mars flights would begin once
capabilities are sufficient for the successful Mars trip. First, an electric
cargo vehicle would transport surface equipment, communications orbiters,
rovers, Mars-Phobos transfer vehicles, scientific experiments and a Phobos
propellant plant. As the vehicle approaches Mars, it would deploy;
areosynchronous communication orbiters, robotic equipment to Deimos: and a
fuel processing plant to Phobos. The plant would produce fuel for future crew
return flights.

12
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During the next Earth-Mars launch opportunity, the lunar electric cargo
vehicle will be reused to transfer the crew's transport vehicle to lunar orbit
for lunar derived oxygen fueling. The cargo/crew vehicle returns to Earth
orbit, and separates. The cargo vehicle stays in orbit for use as the next
ferry trip to the Moon, and the crew transport is boarded by the Mars crew.
After a systems checkout, they begin their 8 month journey. Several options
exist as to Mars stay times; 60 days, 1 year, and 2 years. Continued flights
to Mars could occur every Earth-Mars opportunity which is about
26 months apart.

MISSION TECHNOLOGY REQUIREMENTS

As the case studies become more mature and focused, better defined
requirements will emerge. However, the preliminary analysis of the 1988 case
studies have surfaced many technology areas needing further development.
These major areas include the following; surface exploration systems, fiuid
management, propulsion, automation and robotics in-space operations, aerocap-
ture and power. Table I illustates key technologies as evaluated in relation
to the four case studies. Programs such as Pathfinder and the Civil Space
Technology Initiative are planned to advance certain technologies that will
enable these missions. The requirements refined over the next few years will
provide these programs with mission technology goals. On the other hand, the
technologists must predict the degree to which the objective can be met
considering the techological barriers and funding levels so that the proper
estimates can be integrated into the case studies. Significant scenario aug-
mentation reflecting the change in technology status may be necessary to
accomplish mission objectives.

POWER SYSTEM REQUIREMENTS

By design, the case studies span a range of complexity with the more
basic being the Expedition to Phobos and the more complex the Lunar Outpost to
Early Mars. The Lewis Research Center has been chartered by OEXP to perform
the power system analyses. These tasks include doing broad trades as well as
in depth investigations. Major study areas include power systems for explora-
tion elements such as; electric cargo vehicles, planetary orbit transportation/
staging nodes, mobile equipment resource processing plants, surface science
outposts and habitated bases.

The power levels presented in table II are first cut estimates. As future
systems analysis are performed, the values will become more mature. One objec-
tive of the power system studies is to discover those technologies that provide
the greatest leverage; either by possessing significant mass or reliability
advantages, or having a high degree of commonality. Thus, we will be able to
focus our resources on those technologies that have the highest pay off.
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CRITICAL TECHNOLOGY

HUMAN HUMAN
EXPEDITION | EXPEDITION | LUNAR
TO PHOBOS | TO MARS OBSERV.

LUNAR
OUTPOST TO
EARLY MARS
EVOLUTION

CRYOGENIC FLUID MANAGEMENT

@

AUTOMATED RENDEZVOUS AND DOCKING

AUTONOMOUS ROVERS

MARS AND EARTH AEROCAPTURE

ON-ORBIT ASSEMBLY & CONSTRUCTION

SURFACE EXTRA VEHICULAR ACTIVITY SUITS

SURFACE POWER (INCLUDING SP-100)

ADVANCED CHEMICAL PROPULSION
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NUCLEAR ELECTRIC PROPULSION

IN-SITU PROPELLANT PRODUCTION

ADVANCED LIFE SUPPORT -

ORIOXTORIORIORE BN REOIK BN BK

LEGEND: O INDICATES REQUIRED TECHNOLOGY

. INDICATES CRITICAL PACING ELEMENT

TABLE | - ASSESSMENT OF

PREREQUISITE TECHNOLOGY
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SYSTEM ELEMENT POWER COMMENT
PLANETARY UTILITY VEHICLE 1-2kW RECHARGEABLE
PLANETARY MINING VEHICLE 5-10 kW RECHARGEABLE/PEAKING
PLANETARY CONSTRUCTION VEHICLE 15 kW RECHARGEABLE/PEAKING
PLANETARY MANNED EXCURSION 0 kW CONTINUOUS
LUNAR OBSERVATORY 30 - 50 kW FULL NIGHT POWER
LUNAR PROCESSING 150 - 300 kW ELECTRIC/THERMAL
LUNAR BASE 100 kW CREW OF EIGHT
MARS OUTPOST 20 kW 40 DAYS
MARS BASE 40 - 50 kW 2 YEARS
PHOBOS/DEIMOS PROCESSING 1000 kW
CARGO VEHICLE 5000 kW
STAGING NODES T8D
FUEL DEPOT TBD

TABLE Il - ESTIMATED EXTRATERRESTRIAL POWER REQUIREMENTS

OF SIGNIFICANT SYSTEM ELEMENTS
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A SURVEY OF ADVANCED BATTERY SYSTEMS FOR SPACE APPLICATIONS

Alan [|. Attia
Jet Propulsion Laboratory
California Institute of Technology
Pasadena, California 91109

The results of a survey on advanced secondary battery
systems for space applications are presented. Fifty-five
battery experts from government, industry and
universities participated in the survey by providing
their opinions on the use of several battery types for
six space missions, and their predictions of 1likely
technological advances that would impact the development
of these batteries. The results of the survey predict
that only four battery types are likely to exceed a
specific energy of 150 Wh/kg and meet the safety and
reliability requirements for space applications within
the next 15 years.

1.0 INTRODUCTION

The Jet Propulsion Laboratory, under the NASA Headquarters
sponsorship of the Advanced Battery Concepts Task, recently completed
an evaluation of various advanced battery concepts to replace the
current Ni-H, and Ni-Cd space qualified batteries. The goals were: 1) to
identify advanced battery systems capable of outperforming present day
batteries by a significant margin; 2) to obtain an accurate estimate of
the anticipated improvements afforded by some technologies; and 3) to
obtain a consensus as to which of the large number of possible systems
are likely to yield the desired improvements with the highest likelihood
of success by the year 2005, if properly funded.

2.0 APPROACH

Following an initial analysis by JPL of various electrochemical
energy storage devices, the opinion of battery experts was solicited
through a 5-part questionnaire. A brief description of each battery
system considered by JPL was included with the dquestionnaire as
background information, together with estimates of theoretical and
practical energy densities derived from our initial analysis.
Participants were asked to submit comments and answer the questions only
within their areas of expertise.
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3.0 APPLICATIONS REQUIREMENTS

A long shelf life, from 3 to 7 years, is a firm requirement in
most space applications; however, capacity, cycle 1life and rate
requirements tend to vary depending on the specific application. The
energy storage requirements of six anticipated space missions are shown
in Table 1. The requirements vary widely within the following limits:
(a) charge time of 2 hours to 22 days; (b) discharge time of 0.6 hour

to 17 days; (c) cycle life from 80 to 50,000 cycles; and peak power from
0.5 kW to 100 kw.

3.1 Currently Available and Near-Term Systems

The systems currently in use for space applications include the
Ni-Cd, Ni-H, and Ag-Zn batteries. Near-term advanced systems include the
advanced Ni-Cd battery and the bipolar or common pressure vessel Ni-H
batteries. JPL estimates of the characteristics of the space qualifieé
and the near-term advanced systems are summarized in Table 2. As is
immediately noticed, substantial reductions in the overall weight of the
battery system would result from a battery capable of a specific energy
in excess of 200 Wh/kg. However, the importance of long cycle life,
safety, and reliability cannot be overemphasized; and high energy
density alone cannot be the only factor to be taken into consideration

when assessing the potential of a specific technology for space
applications.

4.0 RESULTS OF OPINION SURVEY

4.1 Respondents Profile

The questionnaire together with background information was sent

to 205 specialists selected from all sectors of industry, government,
the universities and research institutes. Fifty-five respondents
returned the questionnaire, including a low percentage of responses
from universities. Table 3 shows a summary of the make-up of the
respondents group.

4.2 Energy Density Critique

As a starting point for the survey, we had identified a total 23
advanced power sources capable of significant improvements over present

day technology. Six types of power systems were represented: aqueous;

molten salt, solid electrolytes, lithium-halogens, lithium-intercalation
systems, and regenerative fuel cells. The participants were asked to
evaluate the accuracy of our estimates of achievable specific energies
for the proposed systems and to comment in general on the various
systems presented to them for consideration.

Their responses are summarized in Table 4. On average, the
respondents' estimates were slightly more conservative than JPL's
estimates, but the range of estimates is much wider for systems still
in their early stage of development. For example, the respondents
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estimate for the advanced nickel-hydrogen system is 75 + 6 Wh/kg vs
JPL's estimate of 76 Wh/kg. For the solid electrolyte Li/S system the
respondent's estimate is 335 + 179 compared to JPl's value of 500
Wh/kg.

4.3 Risk to Develop Successful Aerospace Batteries

The respondents were asked to give their best estimates of the
likelihood of developing the proposed battery systems by the years 1995,
2000 and 2005 and to list the main obstacles to be overcome for each
system. The estimates of these probabilities are summarized in Table 5.
The systems with an acceptable risk for development are marked with an
asterisk. Although the ranges of the estimates are fairly wide, certain
trends are clearly evident.

The standard deviations for the estimates are lower for systems
under active and well funded development; the likelihood of their
development by the year 2005 is also high. Regenerative fuel cells,
Advanced Nickel-Hydrogen and Sodium-Sulfur are typical examples and are
all rated high.

Solid electrolyte systems based on Beta" Alumina and metal
chloride cathodes are rated somewhat lower than Na/S but with acceptable
development risks. The same is true for LiAl/FeS,, lithium-intercalation
systems (including those with polymer electrolytes,) and solid
electrolyte fuel cells. Here again the intermediate rating seems to
reflect the lower degree of funding for those systems.

A few systems are consistently rated "high risk", the lithium-
halogens, the solid electrolyte Na/Cl, and Li/S, and the molten salt
Be/NiF,.

A list of the most frequently mentioned comments and perceived
main obstacles on the most promising candidates is presented in Table
6. Li/S and Li/halogens are included in the list although these two
systems were judged poor prospects for development.

4.4 Worthwhile Systems Omitted from JPL List

The respondents were also asked to identify other advanced
battery candidates omitted or overloocked by JPL, and to give their best
estimate of the realizable specific energy for each system.

Within five of the six categories of systems identified as
potential candidates in our questionnaire, the following additional
systems were suggested as having potential for achieving specific
energies approaching 200 Wh/kg:

(a) Molten Salts:
At 240 Wh/kg, the bipolar "Upper Plateau" LiAl/FeS% battery

offers outstanding peak power, in excess of 500 W/kg throughout
its discharge period, over a wide range of states of charge.
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(b)

(9)

(d)

(e)

(f)

‘The solid polymer electrolyte (SPE) H

Solid Electrolytes:

Li/0, and Ca/0, are being explored in conjunction with a solid
oxide ionic conductor operating at high temperatures (>700 C).
Practical energy densities in excess of 200 Wh/kg are
conceivable.

Lithium-Halogens:

Systems of the type Lithium/SO, inorganic electrolyte/Metal
Halides are considered by some as safer and more practical
alternatives to the lithium-halogens systems. These systems are
capable of achieving 200 Wh/kg at high rates of discharge, but
safety is a concern.

Li/Intercalation Cathodes:

Several systems with mefal oxide ééthbdes, not mentioned in our

original list of potential candidates, were considered capable
of achieving high specific energy. Li/Co0, (150 Wh/kg) is one
such candidate but requires a suitable electrolyte to achieve
long cycle life. Li/MnO, (currently at 125 Wh/kg) is another and
could reach a substantially greater specific energy in bigger
cells, due to the improved packaging factor in large cells. The
cell voltage of 2.8 V for Li/MnO, is inside the electrochemical
window of the current most promising organic electrolytes.

As a whole the class of Lithium/Intercalation Cathodes offers
specific energies from 100 to 200 Wh/kg, and presents
opportunities for both solid polymer electrolytes as well as
ambient temperature conventional electrolytes.

Regenerative Fuel Cells:

/0, fuel cell is a major
candidate for the space station. A.brea&%oard system successfully
operated for more than 1000 cycles at NASA/JSC. NASA is currently
funding a study to conduct a flight experiment on a reversible
regenerative SPE fuel cell with all passive fluid and thermal
controls. For large systems a specific energy in excess of 200
Wh/kg appears quite feasible. In many respects this system is
very similar to the alkaline RFC and could be considered as a
direct replacement for it.

Supefcapacitors;

A most interesting development which may impact energy storage
technology in the future is the supercapacitor. To date devices
with specific energies approaching 5 Wh/kg have been successfully
demonstrated. These devices offer the additional advantages of
ruggedness, high power density (up to 200 W/cc) and potentially
unlimited cycle life.
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4.5 Suitability of Systems for Space Applications

(a)

(b)

(c)

The fourth question set required the survey participants to
estimate the degree of suitability of the proposed systems for
several space applications. The panelists were requested to rate
each battery system as highly suitable (H), moderately suitable
(M) or not suitable (L) for each of six types of space missions.
The responses are tabulated in Table 7 for each of the most
promising systems. Based on those estimates, the development
priorities are shown in Table 8.

For the six missions listed, the Beta" solid electrolyte (BASE)
systems, Na/BASE/S and Na/BASE/metal chlorides battery are
considered best for four missions; the H,/0, alkaline RFC is
ranked best for two missions. The U.P. LiAl/FeS, system was found
worthwhile in 3 missions, whereas the Li/Tis,, as a
representative of a lithium/intercalation cathode system, was
deemed useful in three applications. The Ni/H, was also highly
rated for nearly all applications but was not considered an
advanced battery candidate because of its lower specific energy
and advanced stage of development. Some of the matches are quite
evident, as discussed below.

Lithium-Intercalation Batteries for the Planetary Rover:

The planetary rover has requirements that are well suited to
ambient temperature lithium-intercalation batteries, both in
terms of cycle life and rate. The fact that these batteries have
no special temperature control requirements, and can be packaged
and temperature controlled like the rest of the vehicle equipment
is an important plus. The fact that they do not require a close
temperature control is an advantage also. Several chemistries are
available, including polymeric electrolytes, giving flexibility
in a final choice.

Regenerative Fuel Cell for Lunar Base:

The lunar mission is unique in that it requires very long
operating times (days vs hours). In such applications the
dominant weight of the energy storage system is in the reactants.
The regenerative H,/0, fuel cell has a very high specific energy
for this application, approaching 500 Wh/kg, as most of its
weight would be in the light weight reactants and their required
tankage.

Upper Plateau (U.P.) LiAl/FeS, for GEO:

The basis for recommending this system for development is its
high energy density capability and its very high expectations of
success. Recent results obtained at Argonne National Laboratory
have shown that the system is capable of a cycle life in excess
of 1000 cycles and a specific energy approaching 200 Wh/kg. The
only other candidate system for GEO, aside from the Ni/H, systenm,
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(d)

would be the Na/S system. Although significantly more dollars
were spent on Na/S, the U.P. LiAl/FeS system shows expectations
of having a greater energy density, iower risk of catastrophic
failure, less risk of premature shorting, better high rate and
peak power capability, less temperature variation during cycling,
and less safety concerns for manned Shuttle launches. 1In

addition, the U.P. LiAl/FeS, system can be activated prior to
launch.

Na/BASE/SrdfrFeClz or NiCl2 for LEO and Planetary Orbiters:

The requirements for LEO are very strenuous with respect to cycle
life and can only be met by very few systems (Ni-Ccd or Ni-H,).
Currently the Na/S system is being developed for LEO but ‘is
still considered a high risk due to its high operating
temperature. The Na/Metal Chlorides are attractive alternatives
for this application because of their lower operating temperature
and lower current density, hence lower risk of premature failure.

4.6 Technological Breakthroughs

a)

b)

c)

d)

o

Finally an estimate of the likelihood of occurrence of several
new technological breakthroughs by the years 1995, 2000 and 2005
was requested from the participants. Only those estimates which
show a reasonable degree of certainty are included in Table 9.

5.0 CONCLUSIONS AND FUTURE WORK
The results appear to support the following conclusions:

Most experts believe that the technical problems of the sodium-
solid electrolyte systems, if continued to be funded at their
current level, will be resolved by 2005. This type of system will

provide an intermediate specific energy storage device (130
Wh/kq) .

Key requirements for the aé@elopmént¥6f'iitﬁiuﬂ:iniéjga;ation

systems appear well underway to being resolved by 2005, the main
obstacle at this time being the plating efficiency of the lithium

Velectrode.

The molten salt U.P. LiAl/FeS, system will be a serious high
specific energy (180 Wh/kg) contender by 2005.

The development of a passive ‘regenerative fuel cell is very
likely by 2005. However, the parallel development of a
bifunctional oxygen electrode is far from being certain.

The halogen-based systems, whether with lithium or sodium, are

unlikely to be developed by the year 2005.
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f) In general, the survey results are conservative. Participants in
the survey are pessimistic about the chances of success of high
risk developments with high potential payoffs, such as the
lithium/solid ion conductor/sulfur or lithium-halogen battery,
maybe due to the current low 1level of funding for their

development.

As a follow up to this survey, the participants will be given a
chance to comment on the results and conclusions.
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ENERGY STORAGE REQUIREMENTS OF SIX ANTICIPATED

PRIORITY

$#2

#3

#4

Outer
Planetary
Orbit

Inner
Planetary
Orbit

GEO
Planetary

Rover

Lunar
Base

LEO

TABLE 1

SPACE MISSIONS

CHARGE/
DISCHARGE
DURATIONS

C - 22.8 hr

D-1.2 hr
C - 12 hr
D - 3 hr

C - 11 Days
D - 17 Days

C-1hr

GEO
LEO

*QUAL =

T

Geosynchronous orbit
Low Earth Orbit
Minimum number of cycles needed to qualify for application

TYPICAL
OPERATIONAL
CYCLES REQUIRED
ACTUAL QUAL* DESIRED
500 1,000 2,000
3,000 6,000 10,000
1,000 1,500 4,000
300 600 800
80 160 350
30,000 35,000 50,000
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TYPICAL -

PEAK POWER AND
ENERGY STORAGE

REQUIRED

0.5 C (1 KWH)

1.5 C (2 KWH)

1.5 C (5 KWH)

1.3 C (3 KWwH)

0.02 C (5 MWH)

1.1 C (25 KWH)
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TABLE 2

SECONDARY BATTERIES FOR SPACE APPLICATIONS

SYSTEMS CURRENTLY IN USE

SYSTEM SPECIFIC ENERGY CYCLE OPERATING
ENERGY DENSITY LIFE TEMPERATURE
(Wh/kg) (Wh/1) (40% DOD) (°C)
Ni-cd 34% 70 20,000%* 10 - 20
Ni-H, (IPV)® 45 25 25,000 10 - 20
Ag-Zn 90 80 50 10 - 20

ADVANCES IN STATE-OF-THE-ART

Advanced Ni-Cd 36 110 35,000 10 - 20

Ni-H, (cPv)* 60 70 15,000 10 - 20

* NASA standard, 50 Ah battery

** Standard Cell Qualification Test
¢ 1IPV = Individual Pressure Vessel
# CPV = Common Pressure Vessel
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PROFILE OF CONTRIBUTORS TO SURVEY

TABLE 3

ON ADVANCED BATTERIES

Occupation

Aerospace Industry
Battery Manufacturers
Other Manufacturers
Government
Universities’

Institutes

Number of Respondents
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TABLE 4

ESTIMATES OF ACHIEVABLE SPECIFIC ENERGY FOR ADVANCED BATTERIES

(Wh/kqg)
System JPL Panel’s Number of
Estimate Estimate Range Responses

AgO/Fe 90 85 +/-13 60-110 18
Advanced Ni/H, 76 75 +/-6 60-80 25
U.P.LiAl-FeS, 180 154 +/-33 75-188 31
Be-NiF, 185 156 +/-43 95-185 9
LiAl-NisS, 180 155 +/-35 75-184 19
Na/BASE/S 130 132 +/-26 80-220 29
Na/BASE/C1, 200 197 +/-70 100-350 9
Na/BASE/TCNE 100 95 +/-12  70-100 10
Na/BASE/CucCl, 160 132 +/-30  80-160 11
Na/BASE/FeCl, 150 130 +/-20 80-150 19
Na/BASE/NiCl, 160 137 +/-24 80-160 17
Li/Solid Ion

Conductor/S 500 335 +/-179 100-510 14
Lithium/Polymer 250 183 +/-67 50-250 28

electrolyte
Li/cl, 500 375 +/-173 80-500 15
Li/Br, 200 170 +/-56 70-250 14
Li/Tis, 90 95 +/-13 73-130 28
Li/NbSe, 100 105 +/-15 80-150 25
Li/MogS, 140 126 +/-28  50-180 22
Li/V,04 150 143 +/-27 75-200 24
Li/a=-Cr,04 200 176 +/-37  75-200 22
Zn/0, 100 99 +/-15 60-140 17
Alkaline RFC 100 152 +/-113 100-500 14
Solid oxide H,/0, 200 252 +/-180 120-750 10

BASE = Beta" alumina solid electrolyte
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TABLE 5

LIKELTHOOD OF DEVELOPMENT OF ADVANCED BATTERY SYSTEMS

System Estimates of Probability of Development by :
1995 2000 2005

AgO/Fe 37 +/- 32 47 +/- 33 54 +/- 38
Advanced Ni/H,* 56 +/~ 25 71 +/- 19 81 +/- 17
U.P.LiAl-FeS,* 36 +/- 26 52 +/- 31 60 +/- 30
Be-NiF, ' 12 +/-"16 25 +/- 24 35 +/- 35
LiAl-Nis, 28 +/- 25 41 +/- 28 = 46 +/- 31
Na/BASE/S* 56 +/- 28 72 +/- 25 80 +/- 22
Na/BASE/Cl, 17 +/- 18 31 +/~ 25 29 +/- 29
Na/BASE/TCNE 23 +/- 20 33 +/- 28 42 +/- 33
Na/BASE/CuCl,* 27 +/- 19 47 +/- 26 60 +/- 29
Na/BASE/FeCl,* 36 +/- 23 53 +/- 28 66 +/- 29 ’
Na/BASE/NiCl,* 35 +/- 21 54 +/- 25 66 +/- 27
Li/Solid Ion ,

Conductor/S 18 +/- 19 29 +/- 25 39 +/- 28
Lithium/Polymer o :

electrolyte* 33 +/- 29 45 +/- 31 55 +/- 30
Li/ci, : 10 +/- 14 19 +/- 18 32 +/- 25
Li/Br, 12 +/- 13 21 +/- 18 33 +/- 26
Li/Tis,* 44 +/- 26 57 +/- 29 66 +/- 31
Li/NbSe,* 42 +/- 27 57 +/- 31 66 +/- 30
Li/MogS, - 34 +/- 28 50 +/- 31 58 +/- 34
Li/V,0.% 34 +/- 23 48 +/- 28 58 +/- 32
Li/a-Cr,0.* 27 +/- 18 43 +/- 24 55 +/- 28
Zn/0, 33 +/- 23 44 +/- 25 58 +/- 24
Alkaline RFC* 49 +/- 30 63 +/~- 28 77 +/- 26

Sclid Oxide H,/0,* 30 +/- 24 47 +/- 27 59 +/- 30

* These systems present acceptable development risks
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TABLE 6

OBSTACLES TOWARD THE DEVELOPMENT OF ADVANCED BATTERIES

Advanced Ni/H2:

U.P. LiAl FeS2:
Na/Beta"/S or Metal
Chlorides,

Lithium-Sulfur:

Thin Film lithium/
polymer electrolyte:
Lithium-Halogens:
Lithium-Intercalation
Cathodes:

Alkaline RFC:

Solid Oxide Fuel
’ Cell:

Obstacle

2-electron nickel electrode is unlikely
No obstacle to improved Ni/H2 (CPV and/or Bipolar)

Corrosion and materials compatibility

Reliability of ceramic electrolyte and seals

Development of lithium ion conducting electrolyte

Need for higher ionic conductivity in polymer
Low cycle life

Material compatibility and corrosion
Lithium cyclability
Poor electrolyte stability

Development of the oxygen bifunctional electrode

Materials compatibility
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SUITABILITY OF ADVANCED BATTERY SYSTEMS FOR SPACE APPLICATIONS

(L= Not Suitable; M= Moderately Suitable; H= Highly Suitable)

TABLE 7

30

PLANETARY
- INNER OUTER GEO ROVER LUNAR LEO
SYSTEM ORBIT ORBIT BASE
Advanced L=5 =7 L=2 IL=10 I=14 L=3
Ni/H, M=9 M=5 M=6 M=9 M=8 =7
H=13 H=14 H=20 H=9 H=7 H=20
U.P.LiAl-FeS, L=7 L=7 L=8 1=8 I=8 I=18
M=13 M=11 M=7 M=5 M=12 =7
H=6 H=8 H=11 H=14 H=6 =2
Na/BASE/S =5 L=3 IL=2 =3 L=5 L=13
M=15 M=15 M=13 M=16 I=11 I=12
H=10 H=12 H=15 H=11 H=16 =6
Na/BASE/FeCl, I=5 =3 L=2 I=4 I=6 L=10
M=11 M=12 M=12 M=13 =8 =8
=6 H=6 =6 =4 =9 =4
Na/BASE/NicCl, L=5 I=3 I=2 IL=3 L=6 L=9
M=10 M=10 M=10 M=11 =7 =8
H=7 =8 =8 H=6 =9 =5
Lithium/Polymer S
electrolyte L=18 I=11 L=10 1=9 =12 L=23
=5 =9 M=10 M=10 =6 =]
H=4 H=6 H=6 =8 =9 =3
Li/Tis, I=21 I=11 I=11 =10 L=16 1=28
=8 M=15 M=13 M=13 =8 =5
=4 =7 H=8 H=10 H=6 =1
' Li/V,0, 1=24 1=15 I=13 L=12 L=16 L=30
=8 M=14 M=12 M=11 M=11 M=5
H=1 =3 =8 H=9 =6 =0
Li/a-Cr,0, 1=21 1=12 L=11 L=9 L=13 L=26
=8 M=14 M=14 M=11 M=11 =5
=1 =4 =5 =9 H=6 H=0
Alkaline RFC I=9 1=8 I=6 I=6 I=1 I=9
M=11 M=12 M=13 M=16 =8 M=9
H=3 =3 =5 H=2 H=16 =6
Solid Oxide
H,/0, L=10 L=9 L=7 I1=8 I=1 L=9
=7 =7 =8 =9 =5 =7
H=3 =4 =6 =4 H=17 =6
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TABLE 8

RANKING OF ADVANCED BATTERY SYSTEMS

Mission Recommended Systems (Ranking)
Planetary Na/BASE/S or FeCl, or NiCl, (1)
Inner Orbit U.P. LiAl-FeS, (2)

H,/0, Alkallne RFC (3)
Planetary Na/BASE/S or FeCl, or NicCl, (1)
Outer Orbit U.P. LiAl/FeS, (2)

Li/Tis, (3)

GEO ' Na/BASE/S or FeCl, or NiCl, (1)

H,/0, Alkaline RFC or U. P. LiAl/FeS, (2)
Li/Tis2 (3)

Planetary Na/BASE/S or FeCl, or NicCl, (1)

Rover U.P. LiAl/FeS, (2)
Ll/TlS or Alkallne RFC (3)

Lunar Base }1/024A1ka11ne RFC or Solid Oxide (1)
Na/BASE/S or FeCl, or N1C1 (2)
U.P.LiAl/FeS, (3)

LEO H,/0, Alkaline RFC or Solid Oxide (1)
Na/BASE/S or NiCl, or FeCl, (2)

The advanced Ni-H, system was not included in the rankings as this system

is much further ahead in its development stage.
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TABLE 9

PROJECTED PROSPECTS FOR TECHNOLOGICAL, BREAKTHROUGHS

Future Event

Improved Beta" alumina suitable
for prismatic cells

Hermetic seals for high temperature
molten salt lithium batteries

A metal oxide intercalation electrode for
lithium batteries with cycle life of 100
A reversible lithium electrode capable of
1000 cycles in organic electrolyte at 25C
(e.g., Li/TiS, or Li/Metal Oxide)

a) Medium voltage cells (72 V.)

b) High voltage cells (73V.)
Chemical overcharge protection for
Li-Al/FeS, molten salt system
The development of very thin, suitable
polymer electrolytes for thin Li cells
Development of hot-launch, ready to use,
high temperature rechargeable batteries

a) Na/Beta" Alumina/S

b) Li-Al/FeS,

Development of practical rechargeable
designs for

a) Li/cl,

b) Li/Br,

High rate (100mA/cm ), reversible, long
life, oxygen electrode for alkaline fuel

cells

% Probability

- 1995

2000

v v —— -t —— ——— — > =y — -

44+/-30

47+/-25

59+/-29
54+/-29

28+/-20

59+/-28
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ADVANCED RECHARGEABLE SODIUM BATTERIES WITH NOVEL CATHODES

S. Di Stefano, B.V. Ratnakumar and C.P. Bankston
Jet Propulsion Laboratory
California Institute of Technology
Pasadena, California 91109

Abstract

Various high energy density rechargeable batteries are being
considered for future space applications. Oof these, the sodium
sulfur battery is one of the leading candidates. The primary

advantage is the high energy density (760 Wh/kg theoretical).
Energy densities in excess of 180 Wh/kg have been realized in
practical batteries. More recently, cathodes other than sulfur are
being evaluated. We at JPL are evaluating various new cathode
materials for use in high energy density sodium batteries for
advanced space applications. our approach is to carry out basic
electrochemical studies of these materials in a sodium cell
configuration in order to understand their fundamental behaviors.
Thus far our studies have focused on alternate metal chlorides such
as CuCl, and organic cathode materials such as TCNE.

Introduction

Rechargeable batteries play a significant role in NASA's space
programs including planetary missions and satellite applications such
as Geosynchronous Earth Orbit (GEO) and Low Earth Orbit (LEO)
missions. There is an increasing need for a light weight high energy
battery with long active and cycle lives. Typically, the efforts at
various organizations are aimed at developing a battery system with
an energy density > 200 Wh/kg at power densities > 100 W/kg, cycle
1ife of 1000 cycles and active life of ten years. The interest for
many years has been focussed on sodium-sulfur battery which has a
high formula energy density (750 wh/kg) a good portion of which has
been realized in practical cells for several hundreds of
charge/discharge cycles (1) . The battery typically operates at 300-
400°C where the A" alumina solid electrolyte (BASE) is highly
conductive to sodium ions allowing high power densities drawn from
the battery. Together with these advantages, there are certain
deterrent factors associated with the use of the sodium sulfur
pbattery which partly protracted the development. R. M. Dell et
al. (2) have given an excellent account of the status of the Na$S
battery in their recent review. Many of these operational and
safety problems stem from sulfur electrode, e.g., the excessively
corrosive nature of the discharge ‘product, sodium polysulfide,
towards steels, the high vapor pressure of liquid sulfur above 700°C,
the possible degradation of BASE in polysulfide melts, (3) the
insulating nature of liquid sulfur, in particular the way in which it
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isolates regions of BASE during recharge, etc. Alternatives to
liquid sulfur cathode are therefore being sought and there are some
examples in the literature based on fused salt electrolytes (4-6).
In this paper, we review our studies on alternate organic and
inorganic cathodes in sodium batteries. In both cases, the cell
contains sodium tetrachloroaluminate as the secondary molten
"electrolyte and BASE as primary electrolyte.

Carbonitriles are a class of relatively stable organic compounds
that have high reduction potentials and energy densities. Tetra-
cyanoethylene (TCNE) in particular has an energy density of ~620
Wh/kg at a high potential of "3.0 V vs. Nat/Na and a low melting
point. Therefore, TCNE has been examined as a possible 1liquid
cathode in sodium batteries. Among the inorganic cathode materials,
transition metal dichlorides (e.g., FeCl, and NiCl,) are gaining
increasing attention as solid, insoluble rechargeable cathodes in

place of liquid sulfur (8-11). These systems cén79pgrg;e at lower
temperatures “170°C, where the corrosion problems are proportionately
less severe. The safety problem is considerably reduced due to the

inherent sluggish kinetics of the chemical reaction between liquid
sodium and NaAlCl, molten electrolyte in the event of ceramic failure
(12). Further, the molten electrolyte remains invariant during
charge/ discharge preventing polarization losses and localized high
current densities on the BASE surface. High energy densities ~150
Wh/kg and long cycle 1life have been demonstrated with ferrous
chloride and more recently with nickel chlorides. We summarize below
our electrochemical studies on the ferrous chloride and nickel
chloride cathodes and also on another promising metal chloride,
copper chloride.

The experimental cell adopted for these studies is described in
detail in. (7) The cell essentially has a central-cathode design
with a provision to seal the anode half-cell. The cell is heated
electrically with a heating tape wound around a stainless steel tube
acting as a container for sodium. For the studies involving TCNE,
either Pt or C is used as the positive current collector. Metal
chloride positive electrodes were initially fabricated by
impregnating commercially available sintered nickel grids (used in
Ni-Cd batteries) with the depolarizer by immersing the grid into a
concentrated chloride solution. Copper electrodes cannot however be
made in this manner for long-term studies due to the preferential
dissolution of nickel to copper in the impregnating solution.
Perforated copper grids were therefore used to make electrodes in the
discharged state either by hot pressing with a binder (Teflon) or by
sintering the powders in an inert atmosphere at temperatures below
the melting point of NacCl. Conventional electrochemical equipment
consisting of E G & G 273 potentiostat/Galvanostat and E ¢ & G 5301
lock-in amplifier interfaced with an Apple IIe computer were used.
AC and dc measurements were carried out using E G & G ac impedance
and Softcorr software. Various techniques such as potentiodynamic
polarization, dc linear polarization and ac impedance were employed
to obtain information on the Xkinetic parameters of the cathode
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reactions. Discharge/charge cycling was also carried out
galvanostatically in a controlled fashion using the above
electrochemical equipment. All the chemicals TCNE, NaAlCl,, NaCl and
metal powder were of analytical grade and were used as received.
BASE tubes were cleaned by etching in hot phosphoric acid. All the
cell fabrication operations were carried out in an argon-filled
glove box.

Results and Discussions

The findings of our studies on TCNE as a cathode material in

sodium batteries are described in detail elsewhere. (7) Briefly,
TCNE reduces at 3.0 V vs. Nat/Na reversibly with a coulombic yield of
>60% at 1 ma/cm2 on either the Pt or C current collector. Fig. 1
gives the typical voltage-time curves of TCNE during discharge and
charging. The exchange current density on either Pt or C is of the

order of 1073 A/cm2 in a catholyte containing typically 10% of TCNE.
The kinetics of TCNE reduction are essentially governed by the rate
of mass transfer in the cathode as evidenced from ac impedance and dc
potentiodynamic polarization data. 1In TCNE-rich catholytes there is
a2 kinetic hindrance to the reduction of TCNE reflected in increased
polarization (ohmic, concentration as well as charge transfer)
losses. As a result, the coulombic yield as well as diffusion
coefficient of TCNE decrease with increasing TCNE concentration in
the catholyte. The sluggish kinetics at higher TCNE concentrations
is related to the degradation processes occurring in TCNE at
operating temperatures of 7230°C forming an adduct. FTIR studies
point to a possible polymerization of TCNE under the experimental
conditions. Due to the sluggish kinetics at higher TCNE
concentrations, it may not be possible to achieve high power
densities from TCNE. Oon the other hand, for medium to low power
applications, TCNE is a good cathode material, since the electro-
chemical activity and reversibility of TCNE are retained even after
polymerization.

Metal Dichloride Cathodes

Figure 2 shows the typical charge/discharge curves of a "16 mAh
Nicl, electrode (made b impregnating NiCl, into sintered Ni plaque)
at 200°C and at 2 mA/cm? in the first two test cycles. The discharge
as well as charging curves are flat at nominal voltages of 2.56 and
2.63 V vs. Nat/Na respectively. There is not much polarization loss
from the open circuit voltage of 2.59 V. :

The coulombic yield is nearly 100% and there is no loss in
capacity during cycling in the first few test cycles. Figure 3
illustrates the high rate discharge capability of the electrode. The
discharge curves at higher current densities, i.e., 4 mA/cm2 and 8
mA/cm? are also flat with mid-point voltages of 2.54 and 2.5 V and
coulombic yields of 98% and 90% respectively. Ferrous chloride
electrodes (made by sintering dry powders of sodium chloride and
iron) exhibit a lower operating potential of "2.3 V as may be seen
from the discharge and charge curves of a 7230 mAh electrode in
Figure 4. The discharge curve is flat in this case also, with a
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coulombic yield in excess of 90%. The copper chloride cathode is
expected to give higher voltage than n1cke1 chloride, from the
electrode potentials of cu?t /Cu and Ni? /N1 couples, Accordingly,
higher energy densities may be possible with copper chloride as
compared to ferrous chloride or nickel chloride especially at high
power densities due to a high electronic conductivity of copper
formed in the course of discharge. The essential requirement for a
successful operation of metal chloride cathode in the above sodium
batteries is total insolubility of the chloride in a NaAlCl, melt.

Analytical studies carried out on the catholyte with CuCl, and NiCl,

revealed no extra dissolution of copper over nickel. Initial studles
with copper chloride (electrode made by impregnation of CuClz into
sintered Ni plaque) show a higher operating voltage than NiCl, or
FeCl, (Figure 5). The discharge (as well as charging) curve is,
however, not flat in this case as with FeCl, or NiCl,; which may be
due to the mechanism of reduction being different with the possible
formation of a monovalent copper.

DC polarization studies were carried out on these cathode
materials to obtain information on the kinetics of their reduction.
The potentiodynamic polarization curves of Nicl,, FeCl, and CuCl,
(Figure 6) illustrate the high rate capability of these electrodes.
There exist mass transfer effects at high discharge rates interfering
with the charge transfer processes due to which limiting currents are
observed at high overpotentials > 300 mV. The limiting currents may
be due to a relatively slow diffusion processes inside the porous
cathode. Nevertheless, the limiting current_densities are reasonably
high and are of the order of 15-25 mA/cm?. The charge transfer
kinetics appear to be rapid as evidenced by high exchange current
densities of 2 mA/cm?, 0.65 mA/cm? and 0.4 mA/cm? for NiCcl,, FeCl,
and CuCl,, respectively, based on the geometric areas of these
electrodes. Linear polarization experiments (i.e., at 1low
perturbations) were also carried out to derive similar information on
the exchange current densities. The current potential curves at
these potentials are linear (e.g., FeCl, in Figure 7) the slopes of
which give the polarization resistances. The exchange current
densities thus obtained are 4.6 mA/cm?, 1.5 mA/cm? and 0.39 ma/cm?
for NiCl,, FeC12 and CuClz, respectlvely.

The complex plane 1mpedance ‘spectrum of N1C12 (Flgure 8) shows a

large inductance at high frequencies not shown in the figure
attributed to the porous nickel grid and a low frequency semi-circle

ascribed to charge transfer klnetlcs. The exchange current density
calculated therefrom is 6.9 mA/cm?, There 1is no evidence of
diffusional impedance in the frequency range studied (i.e., > 0.01
Hz) . The complex plane impedance spectrum of Cu012 (sintered)
electrode, on the other hand, contains two relaxation loops. The
exchange current den51ty evaluated from the first relaxation loop is
0.9 mA/cmz. It is however not clear yet as to whether the second

relaxation loop is related to the formation, if any, of monovalent
copper during the reduction of CuCl,.
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Conclusions

Among the cathode materials studied at JPL as alternatives to
sulfur cathode in sodium batteries, TCNE is suitable for low to
medium power applications. Metal dichloride cathodes, on the other
hand can deliver energy densities comparable to sodium-sulfur
batteries at high power densities without many of the operational and
safety problems associated with the use of sodium-sulfur batteries
and are thus suitable for various applications including space, EV
load-levelling, etc. The electrochemical studies carried out so far
indicate high exchange current densities for the reduction of these
cathodes.
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MONOLITHIC SOLID OXIDE FUEL CELL DEVELOPMENT

K.M. Myles and C.C. McPheeters
Argonne National Laboratory
Argonne, |llinois 60439

INTRODUCTION

The Monolithic Solid Oxide Fuel Cell (MSOFC) is being developed by a recently
formed team consisting of Argonne National Laboratory, Allied-Signal
Aerospace/AiResearch, and Combustion Engineering. The MSOFC (ref. 1) is an oxide-
ceramic structure in which appropriate electronic and ionic conductors are
fabricated in a "honeycomb" shape similar to a block of corrugated paperboard. The
electrolyte that conducts oxygen ions from the air side to the fuel side is yttria-
stabilized zirconia (YSZ). All the other materials are electronic conductors,
including the nickel-YSZ anode, the strontium-doped lanthanum manganite cathode, and
the doped lanthanum chromite interconnect (bipolar plate). These electronic and
jonic conductors are arranged to provide short conduction paths to minimize
resistive losses. The pover density achievable with the MSOFC is expected to be
about 8 kW/kg or 4 kW/L (ref. 2) at fuel efficiencies over 50%, because of small
cell size and low resistive losses in the materials. The MSOFC operates in the
range of 700 to 1000°C, at which temperatures rapid reform of hydrocarbon fuels is
expected within the nickel-YSZ fuel channels. '

Tape casting (ref. 3) and hot roll calendering (ref. 4) are used to fabricate
the MSOFC structure. The tape casting process consists of spreading a ceramic
slurry (slip) uniformly on a substrate, such as glass or polymer film, using a
doctor blade. After the slip is dry, the ceramic layer is stripped off the
substrate in the form of a flexible "tape." The hot roll calendering process
consists of mixing ceramic powder with organic binder and plasticizer and rolling
the warm mixture into a thin tape. The green tapes are cut to the desired
dimensions, and the electrode tapes are corrugated to form the gas flow channels.
The corrugations are formed by folding the tape onto a warm mold. After cooling,
the tape retains the corrugated shape. Corrugated electrode tapes and flat
electrolyte and interconnect composite tapes are stacked up to form the MSOFC
structure. The layers are bonded together in the green state by heating the polymer
binder slightly above its glass transition temperature under a small weight. The
bonded green structure is then heated according to a precise firing schedule to the
sintering temperature to form the monolithic ceramic structure.

The performance of the MSOFC has improved significantly during the course of
development. The limitation of this system, based on materials resistance alone
without interfacial resistances, is 0.05 ohm-cm? area-specific resistance (ASR).
The current typical performance of MSOFC single cells is characterized by ASRs of
about 0.4 to 0.5 ohm-cm?. With further development, the ASR is expected to be
reduced below 0.1 ohm-cm?, which will result in power levels greater than 2.5 W/em?,
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SYSTEM PERFORMANCE

Because of the high temperature of operation of the MSOFC and the compact fuel
cell design, systems that incorporate the MSOFC for power production are very
simple. The high temperature combined with use of nickel in the fuel electrode
allows internal reform of hydrocarbon fuels within the fuel channels, obviating the
need for a separate fuel reformer. In addition, existing fuel logistics systems can
be used with the MSOFC with essentially no modifications. Space-based systems that
are required to regenerate the hydrogen fuel from the reaction product water are
simplified by the fact that the MSOFC can use the same unit for power production and
fuel regeneration. The high operating temperature of the MSOFC allows the waste
heat to be rejected at a high temperature, thus minimizing the size of the heat
rejection system. The MSOFC systems are flexible in terms of their ability to
operate as an open cycle, closed cycle, or a combination of open and closed cycles.

Two types of systems are briefly described in the following paragraphs: (1) a
pover system for terrestrial vehicle propulsion using hydrocarbon fuel, and (2) an
open-cycle, pulse-pover system for use in space. Figure 1 is a schematic flow
diagram of a 60 kWe vehicle propulsion pover system designed to operate on a
methanol/vater solution. The fuel is evaporated using residual heat from the spent-
fuel system. The incoming fuel flows through an eductor vhere a fraction of the
spent fuel is caused to recirculate to provide heating and sufficient water for the
reform reaction. The remaining spent fuel flows to the spent fuel burner wvhere it
is combined with the air exhaust stream, and the heat from burning the spent fuel is
used to preheat the incoming air. The preheated air is further heated by
recirculating most of the hot air exhausted from the fuel cell. This air-
recirculation is possible because very little of the oxygen is used in the
electrochemical reaction. The primary function of the air flow is to remove waste
heat from the fuel cell core. Recirculating about two-thirds of the air minimizes
the size of the air preheater heat exchanger. In terms of size and weight of
components, the fuel cell and air preheater are approximately equivalent, and the
other components are considerably smaller. All the components shown in this flow
diagram are enclosed in a high-temperature insulated box, and other components such
as the fuel pump, air blower, and control systems are essentially at room

temperature.

The volume power density of this system is approximately 1 kW/L, so the 60 kWe
system shown in figure 1 occupies about 60 L volume (~2 ft3). Operation of the
MSOFC system for vehicle propulsion will require tolerance to rapid changes in
thermal gradients. When a fuel cell operates at full power, the temperature of the
downstream region rises due to generation of waste heat. Operation of the fuel cell
at low power produces a shallow temperature gradient because the quantity of waste
heat is low. Vehicle driving profiles typically require rapid shifting from high
power to low power and vice versa. Because the temperature gradients will change as
the power level changes, the MSOFC materials must be able to withstand rapid
temperature oscillations. The thin sections and honeycomb structure of the MSOFC
are particularly adapted to these rapid temperature changes. The coefficients of
thermal expansion of the four materials used in the MSOFC are well matched (ref. 5);
thus, changes in temperature do not cause significant stresses between the layers.

Coupling a nuclear reactor with a MSOFC appears attractive for space-based

pulse power systems. The MSOFC combines hydrogen and oxygen to produce the power
pulse, and the product water is stored on board. Following a test pover pulse, the
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fuel cell is run in reverse to regenerate the hydrogen and oxygen. A relatively
small nuclear reactor provides the power input for the reverse operation. Reject
heat from the reactor may be used to maintain the fuel cell in a "hot standby" mode
for rapid response to demands for power.

The hydrogen and oxygen are stored as gases in tanks at elevated temperatures
and pressures, as shown in figure 2. Emerging from the storage tank, the oxygen
stream passes through a blower and is preheated by mixing with an oxygen recycle
stream before entering the fuel cell. Similarly, the hydrogen passes through a
blower and preheater before entering the fuel cell. Within the fuel cell, DC power
is produced as oxygen is consumed and hydrogen is converted to water vapor. The
heat generated in the process is rejected as the oxygen recycle stream passes
through the radiator. After a reduction in temperature, the gaseous products are
stored. A sliding seal (or rolling diaphragm) is used to separate reactants and
products which are stored within the same tank.

The system can be operated in the reverse mode to regenerate the powver
capability. The same monolithic fuel cell modules can be run backwards for the
regeneration: a separate electrolysis unit is not required. The length of time
required for regeneration is determined by the size of the external power source.
The overall efficiency of the system is attractive. The projected performance of
the system is to recover 72% of the heat of reaction in the discharge mode and store
92% of the input electrical energy as chemical energy in the electrolysis mode. The
overall round-trip electrical efficiency is projected to be 66%.

The open-cycle concept is much simpler in system design and operation. A
simple once-through system that has excess hydrogen available for cooling the fuel
cell and for providing the chemical energy for the electrochemical process is shown
in figure 3. The waste heat is carried out of the fuel cell core with the hydrogen
stream, and the hydrogen and product water are dumped overboard. The oxygen stream
is recycled with only a small bleed stream to eliminate any impurities that might
accumulate. The system components include heat exchangers to heat the incoming
oxygen using waste heat from the fuel cell exhaust streams, an eductor to recycle
the hydrogen stream, and the fuel cell. Other components include the insulated
box, current collectors, and appropriate control systems.

This very simple system has application only in very special cases where very
high pover densities are needed and an essentially "unlimited" source of hydrogen is
available. Specialized space pover systems are the only currently known
applications for such a system, and this concept offers an interesting example of a
compact, high power density system for space. The power densities that can be
achieved with the MSOFC in this application are shown in figure 4. The fuel cell
pover density is shown on the left y-axis, while the system power density is shown
on the right y-axis. The fuel cell pover density is very high because the fuel
utilization is very low. Essentially pure hydrogen exists through the whole length
of the fuel channels, and the average Nernst potential is about 1 V. For these
calculations, the area-specific resistance was assumed to be 0.05 ohm-cm?, which is
expected to be achieved with further development of the MSOFC. An imporrtant feature
of the system is the relationship between the fuel cell power density and the system
pover density. As the fuel cell powver density becomes larger, the contribution of
the balance-of-system begins to dominate the system weight. The fuel cell weight
becomes small relative to the balance-of-system when the fuel cell power density
exceeds about 20 kW/kg. For this system design, the system powver density approaches

43



~4.5 kW/kg as an upper limit, and this power density is determined by the sizes of
the heat exchangers required to heat the incoming hydrogen and oxygen and the
insulating box for the high-temperature components.

MSOFC FABRICATION

The principal challenge to fabrication of the MSOFC structure is to match the
sintering shrinkages of the four MSOFC materials: (1) the electrolyte, yttria-
stabilized zirconia, (2) the interconnect material, strontium-doped lanthanum -

chromite, (3) the anode material, nickel-zirconia cermet, and (4) the. cathode
material, strontium-doped 1anthanum manganite. The MSOFC structure is assembled
vhile the tape-cast components are in an unfired (green), flexible state. The :
polymer binder in the tapes bond the tapes together as they are placed in contact
and heated above the "glass transition" temperature of the polymer. The assembled
structure is then appropriately supported and heated slowly to burn out the polymer.
The structure is further heated to temperatures of about 1300 to 1400°C to sinter
the materials and create permanent bonds at the points of contact. It is important
that the shrinkages that occur during binder burnout and during sintering be
precisely matched among the four materials. This matching of shrinkages has been
accomplished satisfactorily during development of the MSOFC, and the results of this

shrinkage matching are reported elsewhere (ref. 5).

One of the important objectives in development of the MSOFC has been reduction
of the number of defects in the ceramic structure. Defects such as cracks allow the
fuel and oxidant gases to mix, thus reducing the efficiency and, if the cross-
leakage is severe, reducing the open-circuit potential. Defects such as non-bonds
between the layers increases the overall fuel cell resistance because of the reduced
cross-section of the conductlon path. As the sintering shrinkages and the
coefficients of thermal expansion have become better matched, the performance of the

fuel cells have improved. For example, the 1mprovement in open-circuit voltage with

_ reduced number of cracks in the fuel cell is shown in figure 5. The large number of

cracks during the early development stages of the MSOFC caused sufficient cross-
leakage of fuel and oxidant to reduce the difference in oxygen potential across the
electrolyte. Since the Nernst potential is proportional to the log of the ratio of
oxygen partial pressure in the oxidant to that in the fuel, the open-circuit voltage
decreases with increased cross-leakage. The current status of MSOFC development is

such that essentially crack-free structures can be built and tested.

MSOFC PERFORMANCE

The performance of the MSOFC has approached the theoretical limit as a result
of recent development efforts. The first MSOFC single cells had an area-specific
resistance (ASR) of about 8 ohm-cm?, and since that time the performance has -
improved dramatically to the present state- of -the-art ASR of about 0.4 ohm-cm?. The
theoretical limit of performance, based on materials resistances and elimination of
all electrode/electrolyte interfacial resistances, is about 0.093 ohm-cm? for an
electrolyte thickness of 50 um. This ASR can be reduced to 0.05 ohm-cm? by reducing
the electrolyte thickness to 25 um. The interfacial resistances can be reduced with

further deVelopment (1) by decreasing the spacing between conductive particles in

the electrodes, (2) by increasing the thickness of the electrodes, and (3) possibly
by placing a mixed electronic/ionic conductor at the electrolyte/electrode
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interfaces. These developments are expected to reduce the ASR to closely approach
the bulk resistance limit. '

The performance of multi-cell MSOFC stacks is significantly less attractive
than the performance of single cells. Figure 6 shows the improvement in the
performance of multi-cell stacks since the operation of the first stack in
January 1986. While the performance improvement has been dramatic, it must be
improved further to equal that of the single cells. The improvement in open-circuit
potential is a result of improvements in fabrication methods, particularly in
matching the sintering shrinkages of the four different MSOFC materials.

The difference between single cell and multi-cell performance is primarily due
to interactions among the materials during the sintering process. A liquid-phase
sintering aid is used to assist densification of the interconnect material. This
sintering aid migrates throughout the MSOFC structure and affects the other
materials, particularly the cathode. The cathode becomes dense and tends to migrate
away from the electrolyte/cathode interface leaving voids in that critical area.
This effect on the cathode reduces the performance of the multi-cell stacks.

Future needs for development of the MSOFC include: (1) a more easily
sinterable interconnect material, (2) cathode materials that are more stable at the
sintering temperature, (3) development of ancillary materials such as insulation,
manifolds, cements, and current collectors, (4) optimization of MSOFC designs for
specific applications, (3) development of MSOFC systems, and (6) quality control
development, including improved control of source materials and development of
nondestructive analysis methods for the MSOFC structure.

CONCLUSIONS

The feasibility of the MSOFC concept has been proven, and the performance has
been dramatically improved. The differences in thermal expansion coefficients and
firing shrinkages among the fuel cell materials have been minimized, thus allowing
successful fabrication of the MSOFC with few defects. The MSOFC shows excellent
promise for development into a practical power source for many applications from
stationary power, to automobile propulsion, to space pulsed power.
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Figure 1. Methanol fueled MSOFC for vehicle propulsion.
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Space-based regenerative MSOFC system coupled
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Figuré 3. Simple open—cyclé MSOFC system with no hydrogen
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EFFECT OF CRACKS ON OPEN-CIRCUIT VOLTAGE
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Figure 5. Improved MSOFC open-circuit voltage with

reduction in ceramic defects.
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THE ELECTROCHEMICAL GENERATION OF USEFUL CHEMICAL
SPECIES FROM LUNAR MATERIALS*

Kan J. Tsai, Daniel J. Kuchynka and Anthony F. Sammells
Eltron Research, Inc.
Aurora, lllinois 60504

Electrochemical cells have been fabricated for the simultaneous generation of
oxygen and lithium from a Lij0 containing molten salt (Li70-LiC1-LiF). The cell
utilizes an oxygen vacancy conducting solid electrolyte, yttria-stabilized zirconia
(YSZ), to effect separation between oxygen evolving and lithium reduction half-cell
reactions. The cell, which operates at 700-850°C, possesses rapid electrode kinet-
ics at the lithium-alloy electrode with exchange current density (15) values being
>60mA/cm?. When used in the electrolytic mode, lithium produced at the negative
electrode would be continuously removed from the cell for later use (under lunar con-
ditions) as an easily storable reducing agent (compared to Hp) for the chemical re-
fining of lumar ores. Because of the high reversibility of this electrochemical
system, it has also formed the basis for the lithium oxygen secondary battery system
which possesses the highest theoretical energy density yet investigated.

INTRODUCTION

The strategy being pursued for lunar ore refining is based upon electrochemical
cells possessing the general configuration:

Li alloy/Lip0-LiC1-LiF molten salt/YSZ/Lag, ggSrg,11Mn0O3

In practical electrolytic cells, lithium produced at the negative electrode would,
after removal from the cell, be available for lunar ore refining via the general
chemical reaction:

2Li + MO —> Lij0 + M

where MO represents a lunar ore. Emphasis to this time has been on Fej03, TiOj and
the lunar ore ilmenite (FeTiO3), all of which have been shown chemically reducible by
Li to give metals. The resulting Lij0 reaction product could then be removed from
the solid-state reaction mixture by sublimation and reintroduced into the negative
electrode compartment of the electrolytic cell to be electrolyzed again. Hence, this
electrochemical approach provides a convenient route for the simultaneous generation
of both metals and oxygen from lunar materials on the Moon's surface. It has pre-
viously been suggested that oxygen might be extracted from ilmenite by its initial
chemical reduction by hydrogen, initially transported from Earth (ref. 1-3), and pre-
sumably requiring cryogenic storage on the Moon's surface. Other approaches dis-
cussed for the chemical reduction of lunar ores have included carbothermic reduction
to give the desired metal (ref. 4,5). Previous work by others has also investigated
the direct high temperature electrochemistry of simulated lunar materials (molten

*This work was supported by NASA Johnson Space Center under Contract No.
NAS9-17991.
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gsilicates), using platinum electrodes. Electrolysis of these melts demonstrated si-
multaneous oxygen evolution at the anode (ref. 6-10) and deposition of an impure
metal-silicon alloy slag at the cathode (ref. 11-14). Nevertheless, this preliminary
work showed feasibility for high temperature molten salt electrochemistry as an at-
tractive approach for oxygen evolution and metal reduction from lunar type ores. In
the approach being discussed here, oxygen evolution and lunar ore reduction are sepa-
rated into distinct electrochemical and chemical steps. This strategy minimizes the
opportunity for lunar ore originating impurities from entering the electrochemical

cell and degrading performance.

The reducing power of lithium is significantly greater than that of hydrogen.
This fact can be summarized by the two general reactions:

-68kcal/mole (25°C) (1

[}

Hp + 0o — H30 AG
and -

2Li + 30y — Lig0  AG = -l42kcal/mole (25°C) (2).

The corresponding free energy of reaction between ‘lithium and candidate metal oxides
of interest at 1900 K are summarized in Table 1.

TABLE 1 -
AG(kcal/mole)
411 + S105 » 2L1,0 + Si -28.0
2Li + Fed > LiZO + Fe | -53.9
4L1 + Ti0p + 2Li,0 + Ti -15.6
6Li + Crp03 » 3Liy0 + 2Cr -87.9

We estimate the free energy change associated with ilmenite reduction by lithium at
1000°K, corresponding to the overall reaction:

FeTiO3 + 6Li — Fe + T1 + 3Liy0 (3)

to be AG = -62.2kcal/mole. Hence, lithium would appear to be a sufficiently strong
reducing agent for many of the transition metal oxides anticipated to be present on

the Moon's surface.

The electrochemistry occurring in these cells possesses high reversibility and
consequently has given us the opportunity to study the lithium/oxygen secondary bat-
tery. The overall electrochemistry occurring in this cell upon discharge/charge
cycling can be represented by: y
discharge o - 7

FeSijyLiy + 30g(air) Z——> 1Li0(in molten salt) + FeSip (4)

- charge
with overall capacity being dictated by the concentration of Lij0 that may be incor-
porated within the negative electrode compartment of this electrochemical cell. Al-
though theoretical energy densities for a given battery system are often a poor indi-
cator of the final practical energy density that might be achieved, it is of interest
to note that the energy density for electroactive materials in the lithium-oxygen
system calculates to 4082Wh/kg compared to 2211Wh/kg for the lithium-chlorine cell;
the highest energy density secondary system investigated to this time. The signifi-
cant technical observations to be discussed which make this an attractive secondary
battery system are i) both electrodes possess high electrochemical reversibility,
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1i) the anodic reaction upon cell charge involves the exclusive evolution of oxygen,

and iii) a significant concentration of Lij0 can be incorporated into the Liy0-LiCl-

LiF ternary melt. A comparison of the lithium-oxygen secondary cell with other major
conventions and advanced systems is shown in Table 2.

TABLE 2

Major secondary batteries for electrical energy
storage in comparison to the lithium oxygen system

Theoretical Energy Density
Battery System Negative Positive OCP (V) for Electroactive Matls. (Wh/kg)

Lead-Acid Pb PbO2 2.0 238
Nickel-Cadmium Ccd NiOOH 1.2 148
Nickel-Zinc Zn NiOOH 1.7 448
Zinc-Chlorine Zn Cly 2.12 829
Lithium-Iron

Sulfide Li(Al) Fe$S 1.2 626
Sodium-Sulfur Na S 2.1 760
Lithium-Chlorine Li Cl, 3.53 2211
Lithium-Oxygen Li 09 2.3 4082

RESULTS AND DISCUSSION

Previous work performed in our laboratory (ref. 15) showed that the ternary mol-
ten salt system Lip0-LiF-LiCl is an attractive candidate electrolyte for this elec-
trochemical cell. The utility of this molten salt electrolyte was dependent, however,
upon gaining some insight into the amount of Liy0 that could be accommodated in the
LiF-LiCl (70™/0) molten salt and its impact upon the resulting solid-liquidus curve.
This was performed by progressively introducing Lis0 in 2-5M/o increments into a LiF-
LiCl (70m/0) binary mixture in a conventional conductivity type cell. After each
Liy0 addition, the ternary molten salt mixture was initially heated to 550°C, at
which temperature it became molten. The resulting molten salt ionic conductivity
values were measured between stainless steel electrodes (lcmz) placed 1l.5cm apart
during slow cell cooling so as to minimize interelectrode thermal gradients. The
molten salt freezing point was detected by a dramatic decrease in measured ionic con-
ductivity. The resulting solid-liquidus curve obtained for this ternary system is
shown in Figure 1, which indicates that for Lip0 contents above =218M/0 the molten
salt goes into a two-phase region consisting of Lij0 (18M/0),LiF (24.6M/0),LiCl (57.4
M/o) in direct contact with solid LipO0. The important point here is that excess Li0
could be introduced into the electrolyte cell and would not promote melt freezing.

Both half and full cell electrochemical measurements have been performed on this
cell. Coulometric lithium deposition has been performed on both iron and iron sili-
cide (FeSij) negative electrode substrates. Iron silicide was of interest since
lithium deposition results in formation of a series of distinct electrochemically re-
versible lithium compounds up to the composition FeSijLijg. This has not only per-
mitted us to conveniently store lithium in the negative electrode compartment for the
reversible lithium oxygen storage battery, but also acts as a substrate for wetting
lithium, facilitating its later removal from the negative electrode compartment of
the electrolytic cell. Preliminary current-potential characteristics of this elec-
trode were performed in electrolytic cells possessing the general configuration shown
in Figure 2. The charging current-potential curves for this cell (Figure 3) clearly
show voltage plateaus associated with each ternary 1ithium compound. Electrode ki-
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Solid-liquidus curve for Li)0-LiF-LiCl molten salt as a

taneous electrolytic generation of lithium and oxygen.
A) anode current collector; B) calcia or yttria stabilized
zirconia; C) molten salt; D) Lag, ggSrg,11MnO3 anodé;

E) stalnless steel or FeSizﬂcatﬁﬁaé; F) furnace.

netics for this electrode were performed using a molten salt of composition Lis0
(6.4M/0) ,LiF(28.1M/0) ,LiC1(65.5™/0) using FeSijyLiy for the working and SiLi, for-
counter and reference electrodes. For voltage plateaus corresponding to the re-
spective ternary alloys FeSijLig, FeSijLig and FeSijLijg cyclic voltammetry scans
(50mV/s) were performed *200mV from its initial open circuit potential (OCP) with

respect to the SiLi, reference.

A representative current-overpotential curve is

shown in Figure 4, which was analyzed by use of the Allen-Hickling relationship:
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i - B anF

log JONF/RT _ log 1o = 7303kt (5)
where 1, was the exchange current density from which a direct estimation of relative
electrode kinetics were determined, n was the electrode overpotential, o the transfer
coefficient and the other symbols had their usual significance (ref. 16). Exchange
current densities (i,) were obtained from the intercept by plotting n versus
log i . The dependency of i, upon both cell temperature and lithium

eanF/RT -1

alloy composition is summarized in Table 3. These current-voltage measurements
clearly showed the presence of rapid electrode kinetics at the negative electrode
suggesting that this Faradaic process will not be the rate limiting process in the

finally developed electrochemical cell.

2.3L FeSi)plijg

FeSi,Lig

FeSiplig

FeSigli,

IR Free Cell Potential
p¥el

FeSipLi

L ‘ 1 J A .
100 150 200 250 300

Time (min)

Figure 3. IR free charge curve for FeSij in 28.5™/o LiF, 66.5™/o LiCl
and 5M/o Liy0 at 650°C vs Lag,ggSrg,11MnO3/Pt (air). Current
density 10mA/cm?2.
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Figure 4. Current-overpotential curve for the cell
FeSijyLi|g/Lip0-LiF-LiC1/SiLi,
at 800°C. 1Initial open circuit potential -71mV with respect
to SiLi, reference. Scan rate 50mV/sec.
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TABLE 3
Cell Temperature Measured Exchange Current Density i, (mA/cm?2)

°C FeSi,Li;, FeSi,Lig FeSijLig
650 49.7 50.6 43.7
700 54.5 54.7 50.9
750 56.0 57.2 55.6

800 64.5 65.7 58.2
In fully developed electrolytic cells we must facilitate the convenient removal

of faradaically deposited lithium at the negative electrode. One of the major ob-
stacles to achieve this is related to the high surface tension of Li at 700°C (320
dynes/cm) which compares to Hg (400 dynes/cm) at room temperature. Deposited lithium

resident in a porous electrode structure, in the absence of wetting, can as a conse-
 quence prove difficult to physically remove via a proximate orifice. We have found,
however, that both SiLiy and FeSijLiy can act as effective substrate sites for wet-
ting faradaically deposited lithium, thereby providing a strategy for the subsequent
continuous removal of lithium from the electrolytic cell. A schematic of the experi-
mental arrangement used for comparing approaches for lithium removal is shown in Fig-
ure 5. Lithium could be conveniently removed from the cell by application of =z5psi
into the lithium chamber C, thereby enabling its transfer into glass trap D. 1In the
event of lithium/molten salt mixtures being formed in the electrochemical cell, we
have found that effective segregation into two distinct phases can be achieved if the
stainless steel transfer tube between the electrolytic cell and lithium storage com-
partment is initially silicided to form a thin coating of FeSiy. Subsequent reaction
of this thin coating with lithium to give FeSijLi, will provide the necessary wetting
characteristic necessary for promoting preferential lithium migration from the elec-
trolytic cell.
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Figure 5. Schematic diagram for simulated lithium removal process.
C) 1ithium containing chamber; D) lithium collecting chamber;
F) furnace; L) lithium; P) pressure gauge

As we have previously discussed, lithium is a strong reducing agent which should
in principle, be able to reduce simulated lunar ores to the corresponding metal,
This has been examined by investigating direct reaction between lithium and the re-
spective metal oxides TiOj, Fep03 and FeTiO3. Here, thermal analyses were performed
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under both argon and vacuum (“100p). Lithium and the metal oxide of interest were
initially placed into a small boron nitride crucible located inside a 3/4" Swagelock
union used as the reaction chamber. A chromel alumel thermocouple was placed in di-
rect contact with the reaction mixture. Because of the anticipated high reducing
ability of lithium, only 0.02g was used for each reaction with an excess of metal
oxide being present. The reaction chamber was heated at 5°C/min. The inception of
solid-state reaction was manifested by a rapid temperature increase in all cases in-
vestigated, indicating the reaction to be highly exothermic and irreversible. Ther-
mal analyses for respectively Fe03 and TiOp are shown in Figure 6 A and B. The re-
action product between Li and Fej;03 was clearly shown to be elemental iron and could
be conveniently removed with a magnet. Analysis of the reaction mixture between L1
and Ti0y was determined by initially dissolving with 37¥/0 HC1. Here, unreacted TiOp
was insoluble, where Ti became dissolved as TiClj3 to give a dark blue solution. Quan-
titative determination of elemental Ti was then performed spectrophotometrically.
Based upon the initial Li present in the reaction mixture, approximately 807 parti-
cipated in promoting Ti0; reduction to Ti. Temperatures experimentally observed for
the inception of these reactions are summarized in Table 4 together with the corre-
sponding calculated heat of reaction at each respective temperature.

994
thermal excurslon
OR‘G‘NAL PAGi ig : ::::::g:ndlng o —»
OF POOR QLEALETY 6L1 + Fag03 + JLI0 + 2Fc
509
391 |
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° 271}
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Time, Hr

Figure 6. Thermal analysis for detection of solid-state reaction
temperature between L1 and Fe;03 (excess) A, and Ti0y
(excess) B, under argon.

This electrochemical technology, as we have already discussed, is also compati-
ble for a high energy secondary battery. Initial work (ref. 17) towards this goal
focused upon electrochemical cell configurations analogous to that shown in Figure 2
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TABLE 4

Experimentally observed temperatures and heat of reaction for the inception
of reaction between lithium and the metal oxide of interest.

Temperature for Inception Heat of Reaction kcal/mole,
Metal Oxide of Solid-State Reaction, °C Calc'd at Temperature
TiO9 457 -71.6
Fej03 440 -244.8
FeTiO03 (ilmenite) 432 -
Fep03+Ti0p (1:1) 428 o -157.2

where maintenance of an inert (Ar) atmosphere in the negative electrode component
“could be conveniently achieved (ref. 18). A preliminary charge-discharge curve for
this type cell using a FeSijLiy negative electrode is shown in Figure 7. Again, the
voltage plateaus observed correspond to the reversible formation of ferro silicon
Iithium alloys. Furthermore, it was found during cell charge that the volume of oxy-
gen generated was In fact Faradaic, demonstrating that even in direct contact with
halide containing molten salt, the solid electrolyte remains an exclusive oxygen

anion conductor.

CHARGE DISCHARGE

2.20

2.00 \\\\\~\\\\\___

1.80

Cell Voltage (V)

0 b] 10 19 ¢

Time (Hours)

Figure 7. IR-free charge-discharge curve for the cell LiyFeSi)/(52.5-
23.6-23.9)™/0 _LiCl-LiF-Li0/Zr0,(5%/0 Ca0)/Lag,ggSry ;iMnO3/
Pt at 20mA/cm2 (at negative electrode). Total cell resistance
24Q. Temperature 650°C.

For practical reversible lithium/oxygen batteries for terrestrial applications,
however, we must identify a design which will enable us to operate in the atmosphere.
This has been addressed by fabrication of small prototype cells possessing the gen-
eral design shown in Figure 8. The design is based upon a 5cm high YSZ crucible pos-
sessing respective inside and outside diameters of 2.1 and 2.35cm (total volume 19ml).
Cells were fabricated In the partially charged state using FeSijLig as the negative
electroactive material. Current collection from this electrode was via an aluminized
nickel chromium alloy (Ni (76%), Cr (16%), Al (4.5%), Fe (3%), Y (trace), Haynes
Alloy 214). The Lagp ggSrp,. 11MnO3 oxygen electrode was initially prepared (ref. 19)
from a 15¥/o suspension in polyvinyl alcohol-ethylene glycol of the appropriate sto-
ichiometric metal nitrates. Current collection from this region was via a Pt wire
initially tightly coiled in this area. Synthesis of the perovskite electrocatalyst
was achieved by heating in the atmosphere to =1000°C for lh. Protection of the nega-
tive electrode compartment from direct contact to the atmosphere was achieved using a
machined alumina cover (Cotronics, Inc.) whose residual porosity was removed by ‘use
of a coating of high density ceramic cement (Sauereisen #8), followed by curing at
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Figure 8. Schematic design of the lithium/oxygen secondary storage
cell discussed in the text. A) current collector nickel-
chromium (80:20) (~); B) platinum current collector (+)
tightly wound around YSZ crucible; C) machined alumina cap;
D) YSZ 02- conducting solid electrolyte; E) zirconia felt
separator; F) molten salt containing 66.5M/0 LiCl, 28.5M/0o
LiF and 5M/o Li,0; G) Lag, ggSrg,11MnO3 electrocatalyst;

H) FeSijLig negative electrode

90°C for one day.

In partially charged cells fabricated here, the negative electrode compartment
initially contained a molten salt of composition LiCl (66.5™/0),LiF (28.5M/0),Liy0
5M/5). This cell was operated in the atmosphere by initially heating to 600°C, at
which temperature the open-circuit potential became 2.2V. Between 650° and 800°C
the overall cell resistance decreased from 47Q to 3.9Q2. This reflected the improved
02- conductivity for the solid electrolyte at higher temperatures. E, was found to
be 16kcal/mole, similar to literature values (ref. 20). Current-potential and dis-
charge curves for this cell are shown in Figure 9 (A and B).

r DISCRARGE

.70

Potential (V)
//Zf/g
Cell Voltage (V)

_ 0.70 i 1 1 L
0 S 10 15 20 0 1 2 3 4
Current Density (mA/cm?) Time (hr)

Figure 9. Current-potential and discharge curve for the lithium/oxygen
cell at A) 800°C (Rge1l = 3.99) and B) 850°C at a C/50 rate
(5.3mA/cm?) .

The above discussed results demonstrate that this electrochemical technology 1is
evolving into a practical option for both the generation of chemical speciles on the
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Moon's surface and as a high energy secondary battery for either terrestrial or lunar

applications.
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A NEW CONCEPT FOR HIGH-CYCLE-LIFE LEO:
RECHARGEABLE MnO2-HYDROGEN

A.J. Appleby, H.P. Dhar, Y.J. Kim and O.J. Murphy
Center for Electrochemical Systems and Hydrogen Research
TEES-Texas A&M University
College Station, Texas 77843

The nickel-hydrogen secondary battery system, developed in the early 1970s, has become the
system of choice for geostationary earth orbit (GEO) application. However, for low earth orbit (LEO)
satellites with long expected lifetimes the nickel positive limits performance. This requires derating of
the cell to achieve very long cycle life. A new system, rechargeable MnO,-Hydrogen, which does not
require derating, is described here. For LEO applications, it promises to have longer cycle life, higher
rate capability, a higher effective energy density, and much lower self-discharge behavior than those of
the nickel-hydrogen system.

INTRODUCTION

Space power systems designed for continuous high-power-output applications have most
commonly been based on the use of photovoltaic panels. Since in all orbits satellites are subjected to a
greater or lesser number of eclipses, a reliable means of energy storage and power load-leveling is
required using reliable, maintenance-free secondary batteries. In the early 1970s, nickel-cadmium was
the only proven long-lived secondary battery for use in space. Most of its long-term applications were
in GEO communications satellites, for which there are two 45-day eclipse periods per year and one
eclipse per eclipse-day in typical orbits. The eclipses are of variable duration, and reach a maximum of
1.2 h at the middle of the eclipse period. Over a ten-year satellite lifetime, a total of about 900 cycles
are therefore required, varying from a maximum of medium discharge (60% depth of discharge, DOD)
at the C/2 rate for 1.2 h, to shallow discharge, 60% DOD being a precautionary choice for long lifetime
and reliable operation. Typical aerospace Ni-Cd cells can easily exceed 2000 cycles under these
cycling conditions, but in a battery their energy density is little better than 20 Wh-kg-1. In view of the
importance of battery weight in determining overall power system weight, hence incremental satellite
structural weight , new battery concepts offering higher specific energy were explored. As an
illustration of the battery contribution to power system weight, state-of-the-art deployable photovoltaic
(PV) panels have a specific power of 55 W-kg-1, whereas the Ni-Cd battery under the above discharge
conditions has a specific power of 16.7 W-kg-1l. Thus, 18.2 kg of PV array is required to produce a
continuous 1 kW output, with an additional 1.2 kg (three-axis stabilization) to charge an 80% efficient
battery over 22.8 h per eclipse-day, discharging in 1.2 h with a power output of 1 kW. Based on

16.7 W-kg-1, such a battery would weigh 60 kg, thus demonstrating the driving force for reducing
battery weight.

HIGH-ENERGY-DENSITY SATELLITE BATTERIES

The first attempt to reduce battery weight was the development of a regenerative fuel
cell/electrolyzer (RFC) in the 1960s [1]. This consisted of a thin, lightweight pressure vessel
containing pure noble metal negative and positive electrodes of fuel cell type, with a separator
containing KOH electrolyte. A flexible sealed divider cut the pressure vessel into two volumes in the
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ratio 2 : 1 to store hydrogen produced at the negative and oxygen at the positive. The gases were
recombined at the same electrodes. The system should be capable of many deep-discharge cycles,
with indefinite cycle-life at the hydrogen electrode, and long life at the oxygen electrode provided that
suitable electrocatalysts (e.g., gold-iridium) are used. A calculation shows that 54 Wh/kg is obtainable
[2], assuming an Inconel 718 pressure vessel with a safety factor of 4. This is over twice the value for
Ni-Cd. However, the state-of-the-art electrocatalyst technology could not offer a round-trip efficiency
greater than about 50% due to oxygen electrode polarization. More importantly, the storage system
was subject to cross-leaks, which limited reliability, lifetime, management of the excess water
produced on discharge and consumed on charge, and proved to be a problem. In spite of these
drawbacks, an updated version of this system using more recent technology may still have advanta ges
for certain applications [2]. o - ' :

To avoid cross-leaks and electrolyte management problems, attention was transferred to metal-
oxygen battery concepts. These can in principle show high energy density (for example, the zinc-

oxygen couple has a practical energy density of 600 Wh-kg-1), and the open volume of the pressure
vessel (about 60% of the weight of the RFC) is small, since only oxygen storage is required. In
consequence, zinc-oxygen systems (which do not have a water-mangement problem since the dicharge
product is simply zinc oxide) were estimated to have practical energy densities on the order of 90 Wh-
kg-! [3]. However, like all alkaline zinc systems in stationary electrolyte, the negative showed
dendrite formation and shape-change, resulting in limited cycle-life. The zinc electrode can also react
explosively with excess oxygen on overcharge, which is accompanied by drying out. Finally, while
the coulombic efficiency of the zinc-oxygen system is good, the oxygen electrode charge-discharge
characteristics limit voltage efficiency to 60%. Since the corresponding cadmium system [3] has only
the advantage of cycle life over zinc-oxygen, with a considerably poorer energy density, attention
focused on metal-oxide/hydrogen systems, specifically nickel-hydrogen, which combined the best
electrodes of the Ni-Cd and RFC.

THE NICKEL-HYDROGEN SYSTEM

The Ni-Hj battery combined the two electrodes from the Ni-Cd battery and the REC with the best
electrochemical characteristics. Both operate close to reversibility, and give high coulombic
efficiency. The battery was first described in the patent literature [4], and was developed from 1970
onwards, primarily at Comsat Laboratories [5]. No attempt was made to use specially-developed
components for the battery. Compared with zinc-oxygen, it was immediately obvious that the nickel-
hydrogen system would be conservative from the viewpoint of energy density. Aerospace Ni-Hp
positives of conventional construction have a typical capacity of 0.11 Ah/g, which is perhaps only
20% of that of a zinc negative, and hydrogen negative systems require twice the container volume and

weight than those using oxygen positives. While a lightweight design, with a minimum container
safety factor, might achieve 55 Wh-kg-1, a more practical figure is 45 Wh-kg-! on the single-cell level
[5]. B =il - B

The Ni-Hj system has no problems of electrolyte management, since the overall cell reaction
[NiOOH + 172H = Ni(OH);] does not involve formation or consumption of free water. This
represents an advantage over both the RFC and the Ni-Cd system. The hydrogen electrode operates
under benign conditions, at high hydrogen pressures (up to several hundred psi) and with maximum
current densities of about 40 mA/cm? at the C rate. There is no evidence of change of hydrogen
electrode performance with time under normal operating conditions. While the nickel electrode has an
enviable record of longevity, it is still the life-limiting element in the battery. Since the nickel electrode
operates in a starved electrolyte environment, any electrolyte loss from the separator can cause cell
failure. With chemically-impregnated aerospace electrodes, failure occurred at about 2500 cycles
under GEO cycling conditions with 50% overcharge per cycle. Corrosion of the nickel sinter, with
consequent consumption of water, was identified as the cause of failure [6]. Improved lifetimes (to
about 5000 cycles) were observed with under-impregnated electrodes, and with electrochemically
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impregnated electrodes [7], which have a more uniform distribution of active nickel hydroxide in the
sinter structure [6]. ’

On cycling, swelling of the nickel electrodes occurs, resulting from volume changes in the active
material. Corrosion of the sinter in effect produces more active material, but the internal stresses
created cause progressive breakdown of the sinter by the rupture of the "necks" between individual
nickel particles. Since the electronic pathways through the sinter are thereby compromised, capacity
slowly falls after going through a maximum early in life. Eventually, breakdown is total, and the cell
ceases to function, even if electrolyte losses are made up. The situation is improved by using lower
active material loadings, and by operating the electrodes at lower depths of discharge, keeping
overcharge to a minimum. This demonstrates the effect of rate on cycle life.

For LEO applications, charge/discharge rates are not only much higher than those for GEO, but a
far larger number of cycles is required. In an equatorial orbit, sunlight is 0.9 h, and the eclipse period
is 0.6 h, with one charge-discharge cycle per orbit, or 5840 cycles per year. Consequently, for a
guarantee of a ten-year lifetime, over 100,000 cycles would have to be reliably demonstated in
laboratory testing. Thus far, 8000-12,000 cycles can be routinely demonstrated with low-loading,
electrochemically impregnated electrodes. One aspect of recent work has been the effect of initial
electrolyte concentration on cycle-life. It has been shown that life is at a maximum at a starting
concentration of 26% KOH, when about 30,000 LEO cycles can be achieved with derated electrodes
[8]. This seems to suggest that two different processes control electrode lifetime, one perhaps being
charge acceptance of the nickel positive, which is favored at higher electrolyte concentrations, and the
limiting effects of sinter corrosion, which also become more marked at high concentrations. However,
in spite of this work, it would appear that the nickel electrode, at least in its present form, is marginal
for long-term LEO use.

THE RECHARGEABLE MnO; POSITIVE

Electrolytic manganese dioxide has only a limited charging ability (about 50% of the first electron)
[9]. However, in recent years a highly rechargeable form of MnO; has been demonstrated, in which
both electrons can be reversibly charged and discharged. This consists of a material doped with
bismuth (1-5 atom %), with birnessite structure [10-12]. It can be subjected to many thousands of
rapid cycles (at the 12C rate in thin electrodes) and still shows no noticeable degradation in perfomance
(Figure 1). It is quite indifferent to overcharge (no formation of soluble species) and to overdischarge.
Unlike electrolytic MnO3, both electrons discharge in the same potential range, giving a very flat
discharge plateau and a more useful capacity to the voltage cut-off point, as Figure 2 shows for a cell
with a zinc negative. In a benign environment (i.e., in the absence of certain impurities in the
electrolyte) 85% of the two-electron capacity can be recovered over an indefinite number of cycles.
Like Ni-H3, MnO3-Hj has no water mangement problems, since the overall cell reaction is MnO3 +
Hy = Mn(OH3). Finally, overall efficiency is estimated to be 78% (similar to Ni-H3), and heat
dissipation has similar characteristics to those of Ni-Hp.

At first sight, the proposal of using the modified MnO; positive combined with a hydrogen
electrode does not make much sense, since the couple has a comparatively low voltage compared with
that of nickel hydrogen (average plateau potential at LEO rates is approximately 0.7 V versus hydrogen
at an average pressure of 24 atm). However, the low potential has certain operational advantages that
are conducive to long life and low corrosion rates. In addition, since the modified MnO» positives can
be operated at a nominal 85% of their two-electron capacity in long-term cycling, even at high rates,
the positives are much lighter and have smaller volumes than nickel electrodes. Finally,
microcalorimeter measurements (Figure 3) have established that the rate of the self-discharge reaction
between MnO; and compressed hydrogen is much less than that for NNOOH. The mild corrosion
environment allows the use of graphite powder additive as an electronic conductor in Teflon-bonded
electrodes. With a material doped with 2 atom % bismuth, containing 15 wt % graphite and 7 wt %
Teflon binder, the specific coulombic yield of the positive mix is 0.43 Ah/g to 85% DOD. Applied to a
screen similar to those used for hydrogen electrodes, this value is reduced to 0.249 Ah/g.
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COMPARISON BETWEEN MODIFIED MnO,-H; AND Ni-H; FOR LEO USE

Table 1 shows a breakdown of component weights in a Ni-Hj cell with a nominal capacity of
38.5 Ah (to 1.0 V at 23°C). The volume of the Inconel 718 container (with safety factor of 4) has been
arranged to contain 38.5 Ah of hydrogen between 41 and 7 atm. To ensure very long cycle life under
LEO conditions, the positive electrodes in such a system must be derated, typically to 40% of capacity.
This requires a larger stack weight and volume, since the number of positives, negatives, separators,
and gas streams, together with the total electrolyte volume, must be increased by 2.5. In consequence,
the container weight and volume must be corresopondingly increased. Overall, the LEO Ni-Hj cell
has an effective specific energy of 22.2 Wh/kg (33.1 Wh/l), whereas the baselmc Ni-Hy has values of
44.9 Wh/kg and 51 Wh/l,

- The final column contains the correspondmgT)reakdown for LEO Mn02 H2 It can be seen that
the smaller weight and volume of the positives results in a lighter and more compact cell than baseline

Ni-Hj,, although its specific energy is degraded by its lower operating voltage. However, in the LEO .

application it offers a specific energy of 32.6 Wh/kg, almost 50% higher than the purpose-designed
Ni-Hj cell with derated electrodes, intended for the same application. On a Wh/l basis, both systems
have the same practical energy density.

CONCLUSIONS

The proposed modified Mn02 H2 cell operating at 0.7 V (nominal), with electrodes operating at

85% of two-electron capacity has the same volume energy density as Ni-Hj operating with positives
derated to 40% of capacity to achieve 25,000 or more LEO cycles. Its energy density on a weight
basis is 50% greater (32.6 Wh/kg). The relatively low operating potential of the MnO; positive means
that it operates in a mild environemt from the viewpoint of corrosion, ensuring long life with graphite
as an electronically conducting element in the structure. Microcalorimeter studies have demonstrated a
low self-discharge rate for the positive. In view of the above, and taking into account the difficulty of
making nickel positives that can reliably offer 50,000 or more cycles, the secondary MnOy- Hz system
deserves serious consideration for LEO use.
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TABLE 1: CELL WEIGHT BREAKDOWN IN GRAMS

Component Nominal Ni-H, LEONi-H, LEO MnO,-H,
Positives 348.6 870.5 154.4
Hydrogen Electrodes 72.0 180.0 72.0
Separators 35.1 87.8 35.1
Gas Screens 8.0 20.0 8.0
Electrolyte 159.0 397.5 159.0
Stack Total 622.7 1555.8 428.5
Center Rod and Insulator 14.3 35.8 14.3
Busbars and Tabs 41.4 41.4 41.4
Endplates 34.0 34.0 34.0
Nuts, Washers 4.6 4.6 4.6
Terminal Conductors 79.0 190 79.0
Internal Hardware 173.3 194.8 173.3
Pressure Shell 179.0 2754 170.5
Weld Ring 35.0 35.0 35.0
Compression Seals 18.4 18.4 18.4
Container 232.4 328.8 2239
Total Cell Weight 1028.4- 2079.4 825.7
Total Cell Volume (ml)  836.0 1286.0 805.0
Specific Energy (Wh/kg) 449 222 32.6
Specific Energy (Wh/1) 51.0 331 335
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CHARACTERIZATION TESTING OF A 40 AHR BIPOLAR
NICKEL-HYDROGEN BATTERY
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NASA Lewis Research Center
Cleveland, Ohio 44135

Russel P. Gemeiner
NASA Lewis Research Center
Cleveland, Ohio 44135

Extensive characterization testing has been done on a second 40 amp-hour (Ahr),
10-cell bipolar nickel-hydrogen (Ni-H,) battery to study the effects of such
operating parameters as charge and discharge rates, temperature, and pressure,
on capacity, Ahr and watt-hour (Whr) efficiencies, end-of-charge (EOC) and mid-
point discharge voltages. Testing to date has produced many interesting results,
with the battery performing well throughout all of the test matrix except during
the high-rate (5C & 10C) discharges, where poorer than expected results were
observed. The exact cause of this poor performance is, as yet, unknown. Small
scale 2" x 2" battery tests are to be used in studying this problem.

Low earth orbit (LEO) cycle 1ife testing at a 40% depth of discharge (DOD) and
10°C is scheduled to follow the characterization testing.

INTRODUCTION

Space power systems of the future are projected to require power levels that
extend far beyond the current levels of demand. In order to meet these
increasing needs, improvements must be made to current energy-producing systems
or new technologies must be developed. Over the past several years, LeRC has
been actively engaged in the development of a bipolar configured Ni-H, battery.
This battery system has the potential to meet some of these high-power needs of
the future. In a continuing effort to develop this technology to a point where
it can be used efficiently in space flight, LeRC has begun testing a second 40
Ahr, 10-cell bipolar Ni-H, battery.

Results from the tests on the first battery tested here at LeRC were very
encouraging. The battery operated for some 10,000 LEO cycles at 40% DOD and
produced promising results in most of a variety of characterization tests, as
well (ref. 1). Following the completion of this test, work began on the design
of the second bipolar battery in hopes of developing an improved battery.
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BATTERY DESIGN

The basic design of this battery differs from that of the first battery only
through slight modifications in the cell frames. Poor high-rate discharge
performance and electrolyte leakage paths in the first battery led to these
changes. It was thought, at the time, that a possible cause of the poor high-
rate performance in the first battery was limited gas access to the reaction
sites on the negative electrode. Gas-access area was thus increased by modifying
the cell frame in an attempt to alleviate this problem. The gaskets were also
changed in the cell frame design in an effort to improve the seals and thus
better contain the electrolyte within the cells. In addition to these minor
‘design changes, most of the individual components of the second battery came from
different manufacturers (table I). The reasons vary as to why these component
changes were made. The frame material, for instance, was changed from
polysulfone to ABS (resins which are terpolymers of acrylonitrile, butadiene,
and styrene) because of superior machining capabilities and mechanical stability
of the material. The nickel electrode was changed simply because of
availability. The other changes were based, at least in part, on more technical
reasoning and on the desire to reduce the number of parts. Because of
inconsistencies found in the previous H, electrode, Giner, Inc. was engaged in
a development program to manufacture a suitable large area, single unit electrode
for this application. In doing so, the previous three-piece electrode would be
eliminated. A program was also undertaken with National Standard to develop a
fibrex electrolyte reservoir plate (ERP) which would contain pores in the desired
range and could be manufactured in one piece. The previous ERP was constructed
from nickel foam from Brunswick which, due to the large area required and
manufacturing limitations, resulted in a six-piece ERP. In an attempt to
increase the effective current carrying area between the gas screen and the
bipolar plate and to improve high rate performance, the gas screen was changed
to a heavier, woven screen, as opposed to an expanded metal (Exmet) screen in
the first battery. This change also created a Targe weight increase which makes
it difficult to justify its use without major performance improvements. Finally,
the electrolyte concentration was changed from 31% to 26% potassium hydroxide.
This was done because of superior life seen in IPV Ni-H, testing (ref. 2). These
multiple component changes, as well as different testing procedures and unique
cell characteristics make it difficult to directly compare results from the two
batteries. Some comparisons, however, are valid and will be made.

One feature consistent with the first battery is that both utilized an active
cooling process. This is accomplished by pumping a coolant through alternate
bipolar plates (cooling plates) in the battery stack. This enables temperature
readings to be controlled very consistently and accurately throughout the entire
cell. This is one advantage over IPV technology. In an IPV cell, temperatures
in the stack can run 7°C hotter than the measured temperatures outside the cell
(ref. 3).

PROCEDURES

After construction was complete, the battery was placed in a boiler plate
pressure vessel, which was designed to meet safety requirements. Each cell was

-
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instrumented with voltage leads to measure individual cell voltages as well as
a thermocouple attached to the bipolar plate in the hydrogen cavity to measure
internal cell temperature. Additional thermocouples were placed on the exterior
of the stack to get additional temperature measurements. The pressure vessel
was equipped with a pressure transducer for measuring the hydrogen pressure, an
oxygen sensor, and a relative humidity indicator. A Modicon programmable
controller was used to run the test. A1l instrumented points were scanned and
digitized every 18 seconds by a Neff multiplexer and stored by a central computer
system for subsequent processing. The data could then be processed and received
in both tabular and graphical form for each cycle.

Following the setup and checkout of the test hardware and data collection system,
initial cycles were run to determine battery capacity. An initial capacity of
40 Ahrs was assumed. The capacity determination cycles basically consisted of
a C/2 rate charge with a 5% overcharge followed by a C rate discharge to a
battery voltage of 7.0 V or a low cell voltage of 0.5 V. "C" is defined as the
rate at which the battery’s capacity will be depleted in one hour. The low cell
voltage cut-off of 0.5 V was used in order to prevent any cell from going
negative and thus generating hydrogen. A C/4 drain to these same cut-off points
followed this to complete the total cycle. As the cycles continued, the """
value was adjusted several times until a consistent capacity was recorded, which
was 40 Ahrs. While some of the formation cycles were run at 20°C and 200 psi,
the baseline capacity determination cycles were run at 10°C and 200 psi.

Characterization tests were then run at a variety of charge and discharge rates,
temperatures, and pressures. A full set of tests was run at 10°C and 200 psi
at charge rates of C/4, C/2, and C, and discharge rates of C/4, C/2, C, 2C, 5C,
10C, and 5C pulse for each charge rate. Following this set of tests, subsets
of this base characterization test were run at other temperatures and pressures.
A C/2 rate charge was chosen as the charge rate to be used in these subsets.
This selection was based not only on performance in the base characterization
test, but also on performance in prior tests (ref. 4). A C/2 rate charge also
allowed the cycles to fit better into an eight-hour day than if run at a 1ower
rate. A subset of tests run at 20°C and 200 psi consisted of the identical
discharge rates used in the base set paired with the C/2 charge rate. The
remaining subsets (0°C at 200 psi, 30°C at 200 psi, and 20°C at 400 psi)
consisted only of the C/4, C/2, C, and 2C rate discharges. Again, all were
paired with the C/2 charge rate. Each individual test was run until three
consistent cycles were recorded. Consistency was based on Ahr and Whr
efficiencies. Each cycle consisted of a full charge (the amount of which was
equal to the capacity out in the preceding discharge plus a set percentage of
overcharge) followed by a full discharge to a battery voltage of 7.0 Vor a Tow
cell voltage of 0.5 V (hereafter known as the normal cut-off points). A c/4
drain followed all discharges run at a C/2 rate or higher.

A set percentage of overcharge was used in this test in order to ensure adequate
charging as well as protect from unnecessary overcharging. This is compared to
the first battery test where a set charge input was used for each cycle
regardless of the capacity delivered in the previous discharge (ref. 1). A 5%
overcharge was used initially; however, this proved to be insufficient to
adequately recharge the battery so the overcharge was increased to 10%. This
percentage maintained a stable capacity from cycle to cycle; however, to reduce
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any unnecessary overcharging, the percentage was dropped to 7% where stable
capacities were once again realized. The overcharge amount thus stayed at 7%
throughout the remainder of the characterization testing.

Due to a lack of adequate manpower, cycles were not run over the weekends or
holidays. This extended wet-stand period allowed time for a weak, high-
resistance cell to self-discharge considerably more than the other cells. This
delayed the resuming of the characterization testing until after that cell could
be brought back up to a state of charge similar to that of the other cells. It
was found through trial and error that the weak cell could be maintained by
trickle charging the fully charged battery at a C/150 to C/100 rate. This method
produced much more consistent results than other methods that were tried and
allowed characterization cycles to resume much more quickly.

RESULTS AND DISCUSSION

Due to the wide range of variables in this test, all of the relevant numerical
data will not be enumerated here, but is summarized in tables II - VIII. Figures
1 - 4 contain pertinent voltage profiles from throughout the test.

Before discussion can begin on the specific results in the test, a general point
needs to be made concerning the data to be discussed hereafter. It was mentioned
earlier about the problems caused by a weak cell during extended wet-stand
periods. This same weak cell created problems during the characterization
cycles, as well. The discharges on most, if not all, of the early
characterization cycles were terminated by a battery voltage of 7.0 V. This
allowed good, accurate comparisons of data from cycle to cycle. The discharges,
however, on the vast majority of characterization cycles were terminated by a
Tow cell voltage of 0.5 V, while the overall battery voltage ranged from 7.1 to
10.4 V. Because most of the cycles thus had no common end-of-discharge (EOD)
point, it was difficult to compare the basic, overall data between cycles. So,
where it was helpful, capacity delivered to the 10.0 V point in the discharges
was used to compare cycles in hopes of negating some of the distorting effects
of the weak cell on the normal cut-off point data. Just what caused this cell
to perform this way is unknown at this time; however, it is thought that shunt
currents could be present which allowed an additional discharge path through
which the cell self-discharged over night between cycles. This would explain
the erratic behavior seen throughout the characterization cycles. -

One additional comment about the data -- each data point represents the average
value of the three most consistent cycles run at that particular set of test

conditions.

Increasing the charge rate had 1ittle consistent effect on the capacity delivered
to the normal cut-off points, although at lower charge rates the battery seemed
to perform slightly better. Even the capacity delivered to 10.0 V_showed no
consistent trends (table II). Increasing the charge rate also had little
consistent effect on the Ahr efficiency, but, due to the accompanying increase
in battery charge voltage from an average of 15.52 V at the C/4 rate to 16.65
V at the C rate, caused an average decrease of 7.3% in the Whr efficiency, except
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at the 2C rate discharge where no significant changes were seen (table III).
Thus, because of its desirable effect on Whr efficiency and lack of effect on
other variables, a low charge rate would seem to be best; however, previous
testing has suggested that a C/2 to C charge rate range should produce the
optimum results (ref. 4). It is difficult, however, to directly compare results
from this characterization test with the referenced test due to the fact that
the nickel electrodes used in both tests came from different manufacturers.
Electrolyte concentration was also different. These differences alone could
account for the discrepancies seen between the two tests. In either case,
though, results failed to show strong proof that there is clearly an optimum
charge rate.

Increasing the discharge rate caused a consistent decrease in the capacity
delivered over all temperatures and pressures except at 20°C and 400 psi where
the capacity increased slightly from 46.03 Ahr to 47.46 Ahr at discharge rates
of C/4 and C/2, respectively (table IV). The probable cause of this apparent
increase in capacity delivered at the higher rate can be traced to the weak cell
causing an early termination of the discharges run at the lower rate. Comparing
the capacities at the 10.0 V point in the discharge supports this theory. At
10.0 V, an average capacity of 43.99 Ahr was delivered at the C/4 rate and 42.59
Ahr was delivered at the C/2 rate.

Because of the lower capacities delivered at the higher discharge rates, the
resulting Ahr efficiencies also decreased across the board (table V). Also, as
discharge rates increased, Whr efficiencies decreased over all temperatures and
pressures due to the decrease in operating voltages that always accompany
increasing discharge rates (tables VI & VII). In this report, operating voltages
are reported as mid-point discharge voltages, which were calculated by averaging
the following two data points: the voltage reading at 1/2 of the total discharge
time and the voltage reading at the 20 Ahr out point. Discharge voltage profiles
vs. capacity at all discharge rates can be seen in figure 1.

The discharge rate effects were all as anticipated; however, at high discharge
rates of 5C and 10C, performance was very poor. Poor performance was also seen
at these rates in the first battery (ref. 1); but, despite attempts to alleviate
this problem through design and individual component changes, even poorer
performance was seen in the second battery (figure 2). In the attempts to run
a 10C discharge, the battery voltage dropped below 7.0 V within 30 seconds.
Another 10C discharge was run and was allowed to continue past the normal cut-
of f points down to a low cell voltage of 0.1 V. This discharge lasted 3 minutes
but the voltage did not begin to level off until around 4.5 V (figure 1). The
5C discharges lasted longer but, again, failed to level off above a battery
voltage of 7.0 V. (tables IV - VI and figure 1). Only a 5C pulse (1 second on
/ & seconds off) discharge was able to produce meaningful results (tables IV &
V and figures 1 & 3).

Several ideas have been discussed as to what could be causing this high-rate
discharge problem. Limited gas access to the negative electrode was previously
mentioned as a possible cause. The design changes mentioned earlier that were
made in an attempt to alleviate this problem instead could have elevated the
problem even more. This is based on the possibility that the holes drilled in
the battery frame to allow gas access into the interior of the battery became
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filled with electrolyte and blocked free gas flow. One argument against this
scenario is that the pressure of the gas flowing to and from the electrodes would
keep the holes clear. Also, if gas access is the problem, then, based on the
amount of H, located in the cavity adjacent to the negative electrode, initial
voltage periormance might be expected to be good but would fall off as the H, gas
located in the cavity was used up. Data from the high-rate discharges showed
no signs of good initial voltage performance and even showed signs of leveling
off at a Tow voltage. A second possible cause is poor contact between the gas
screen and the two surrounding components -- the negative electrode and the
bipolar plate. Due to the large surface area of the bipolar stack components;
uniform stack compression and the resulting surface contact between individual
components is difficult to consistently maintain. A lack of adequate contact
area would limit the current carrying capability and produce “poor results
especially at high current levels. Another possible cause is the Goretex backing
placed on the H, electrode during the standard production process at Giner, Inc.
Its presence could possibly be Timiting the effective contact area between the
H, electrode and the gas screen, thus hindering current flow. There was some
initial concern about the possibility that this backing could cause current flow
problems in a bipolar configuration; however, polarizations of up to 500 mA/cm?
were operated successfully on a small scale prior to construction of the full
size electrode. Perhaps the key point, once again, is the possible lack of
uniform stack compression in a full scale battery configuration. One possible
solution that has been discussed that could, at least, partially improve the
contact between components is to weld the gas screen to the bipolar plate. This
would assure adequate contact area between these two components, but would not
improve the contact area between the H, electrode and the gas screen. The
effects on performance that the Goretex Eacking has in a full scale battery as
well as other possible problem areas are to be addressed in further testing.
Small scale 2" x 2" battery tests will begin soon and will be used to evaluate
some of these areas. Flooded capacity tests have already been done to evaluate
the performance effects caused by varying the nickel electrode manufacturer and
the electrolyte concentration. Electrodes from both manufacturers (Eagle Picher
and Whittaker-Yardney) were tested at 10C, 5C, 2C, C, C/2, and C/4 discharge
rates using 26, 31, and 40% KOH as electrolyte. Nickel was used as the counter
electrode and amalgamated zinc was used as the reference electrode. Results from
this test showed no signs of inferior high-rate performance by the Whittaker-
Yardney nickel electrode used in the second battery (figure 4). On the contrary,
these electrodes produced much more stable efficiencies and capacities at all
discharge rates tested (table VIII). The Whittaker-Yardney electrodes shown in
table VIII produced 76% of their low-rate (C/4) capacity at the high (10C) rate,
while the Eagle Picher electrodes delivered only 39% of their low-rate capacity
at the high rate. It is not possible, however, to completely rule out the nickel
electrode as being responsible for the poor high-rate discharge performance.
Because of the flooded conditions under which these capacity measurements were
made, the ability of the different electrodes to perform under actual battery
conditions was not addressed. Thus, it is entirely possible that under actual
battery conditions the Whittaker-Yardney electrodes would not perform optimally
and that the "starved" condition could lead to the type of poor performance that
was seen at the high rates. Finally, it was not intended through these tests
to directly compare the two manufacturers’ electrodes. Neither manufacturer
optimized the electrodes that were used; they simply supplied standard electrodes
of the size requested.
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Temperature variations between 0°C and 30°C produced some interesting results.
As expected, an increase in temperature produced significant drops in EOC voltage
due to the decrease in internal resistance that accompanies rising temperatures.
Readings averaged 16.40 V at 0°C and 15.12 V at 30°C. As temperatures increased,
the mid-point discharge voltages, however, showed a steady increase at all
discharge rates except at C/4 where a 50 mV drop was seen between the
temperatures of 0°C and 10°C. (table VII). The improved voltage performance seen
at higher temperatures, however, did not directly translate into an increase in
Whr efficiencies at all conditions (table VI). At the 2C rate discharge the Whr
efficiency was the lowest (41.26%) at 30°C and the highest (53.43%) at 20°C. At
the other three discharge rates, though, 30°C produced the highest efficiencies.
The discrepancy at the 2C rate discharge can be, at least partially, attributed
to a high EOD voltage of 10.3 V at 30°C compared to 7.2 V at 20°C. Whether or
not the large percentage difference could have been completely overcome had the
30°C discharge run down to around 7.0 V is difficult to determine; but, certainly
a large portion of it would have been. The effect that temperature had on total
capacity out was equally interesting. For instance, as temperatures increased
from 0°C to 20°C, capacity delivered to the normal cut-off points increased at
the C/2 rate discharge from 41.19 Ahr to 47.68 Ahr, respectively, but fell off
drastically at 30°C to 37.50 Ahr (table IV). This trend was consistent at all
discharge rates and was also seen in the capacity data to the 10.0 V point in
the discharge. Ahr efficiencies, however, seemed to be less consistently
affected by temperature variations (table V). A1l of this data seems to support
the use of temperatures as high as 20°C or even 30°C to produce optimum results.
This agrees rather well with the data produced during the first battery test
(ref. 1).

Increasing the H, pressure inside the vessel also produced some interesting
results. Neg]igi%]e change was seen in the EOC voltage between 200 and 400 psi
as the voltage dropped from 15.62 V to 15.59 V, respectively; however, at 400
psi, an improvement was seen in the mid-point discharge voltage at all discharge
rates (table VII). This was expected behavior because the increased pressure
would increase the activity coefficient of the gas and thus improve its
efficiency and voltage performance. When looking at the data measured to the
normal cut-off points in the discharge, the capacity, and Ahr and Whr
efficiencies all were less at the higher pressure, except at the C/4 rate
discharge, where a slight increase in both Ahr and Whr efficiencies was seen
(tables IV - VI). These were not expected results but, once again, the weak
cell seems to be distorting the data by prematurely terminating the discharges
during the 400 psi cycles. Although the capacity delivered to 10.0 V is still
greater at 200 psi, the differences are not as great. Also, the Ahr and Whr
efficiency differences can be reasonably eliminated by considering the high EOD
voltages on the 400 psi cycles. Actually, the Whr efficiencies would have
probably been greater at 400 psi had all discharges terminated at similar
voltages. It certainly should illustrate that increasing or decreasing the
pressure will have minimal effects on overall battery performance.

After completion of the characterization cycles, the battery was placed on LEO
cycle 1ife testing at 40% DOD and at 10°C.
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CONCLUSIONS AND RECOMMENDATIONS

Despite the fact that a weak cell made it difficult to directly compare some of
the data from cycle to cycle, there was enough evidence to see that the battery
produced generally expected results and performed very well throughout the
majority of the characterization test matrix. It is hoped and expected that the
LEO cycle life test that has just begun will produce similarly encouraging
results. One area that continues to be a problem, however, is the high-rate
discharge performance of the battery. Even though improvements were not made
in this area with this battery, several encouraging ideas have been mentioned
as possible solutions to the poor high-rate performance problem. As mentioned
earlier, several studies, including small scale 2" x 2" battery tests, will be
done in hopes of pinpointing the area or areas responsible for the poor high-
rate performance. '
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Table I. - COMPONENT DIFFERENCES BETWEEN BATTERY 1 AND BATTERY 2

Component

Battery 1

Battery 2

Frame

Polysulfone - 01d

ABS - New

Nickel electrode

Eagle Picher

Nhiftaker - Yardney

Hydrogen electrode

LSI

Giner

ERP Ni foam - Brunswick { Ni felt - Nat’l Std
Gas screen Exmet Woven (Nat’l1 Std)
Separator Asbestos Asbestos
Electrolyte 31% KOH 26% KOH

Table II. - CHARGE RATE EFFECTS ON CAPACITIES DELIVERED TO
NORMAL CUT-OFF VOLTAGES & TO 10.0 VOLTS AT 10°C
AND 200 PSI; BATTERY EOD VOLTAGES SHOWN UNDER
NORMAL CUT-OFF CAPACITY VALUES

Discharge Capacity to Capacity to 10.0 V
Rate Normal Cut-offs
Charge rate Charge rate
c/4 C/2 C C/4 C/2 c
c/4 47.45 | 46.90 | 46.87 | 43.15 | 42.85 | 43.06
7.0 6.9 7.0
C/2 46.80 | 46.12 | 43.72 | 42.60 | 42.02 | 40.34
7.0 6.8 7.1
c 41.73 | 42.38 | 40.84 | 37.75 | 39.08 | 38.97
7.1 7.3 8.0
2C 35.92 | 37.93 | 37.17 | 20.88 | 21.52 | 24.27
7.1 7.1 7.4
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Table III. - CHARGE RATE EFFECTS ON AHR & WHR EFFICIENCIES AT
10°C AND 200 PSI

Discharge | Ahr Efficiency, % Whr Efficiency, %
Rate Charge rate Charge rate
c/4 | c/2 c c/4 | c/2 c
c/4 94.16 | 93.60 | 93.77 | 80.16 | 78.17 | 74.45
c/2 87.76 | 86.30 | 85.95 | 72.43 | 69.21 | 66.20
c 76.99 | 77.04 | 75.76 | 60.43 | 58.93 | 55.83
2¢ 67.09 | 67.72 | 70.39 | 46.62 | 45.85 | 46.32

Table IV. - CAPACITY DELIVERED TO NORMAL CUT-OFF VOLTAGES AT ALL
TESTED CONDITIONS WITH A C/2 RATE CHARGE; BATTERY EOD
VOLTAGES SHOWN UNDER CAPACITY VALUES

Discharge Capacity, Ahr
Rate
200 psi 20°C
0°C 10°C 20°C 30°C 200 psi | 400 psi
C/4 42.15 | 46.90 | 50.49 | 40.71 50.49 46.03
9.7 6.9 7.4 7.9 7.4 8.9
C/2 41.19 | 46.12 | 47.68 | 37.50 47.68 47.46
10.4 6.8 *kk 7.3 *kk 7.5
C 38.32 | 42.38 | 44.20 | 35.48 44.20 38.82
9.3 7.3 7.3 9.2 7.3 8.7
2C 33.17 | 37.93 | 39.45 | 32.60 39.45 33.66
7.6 7.1 7.2 10.3 7.2 9.0
5C ### 15.43 | 22.24 ### 22.24 ###
7.0 6.9 6.9
5C Pulse #i# 30.60 | 33.97 ### 33.97 #i#
7.0 8.1 8.1

*kk No readings available due to data collection system errors

### - 5C and 5C Pulse run only at 10°C and 20°C at 200 psi
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Table V. - AHR EFFICIENCIES AT ALL TESTED CONDITIONS WITH A C/2

RATE CHARGE
Discharge Ahr Efficiency, %
Rate
200 psi 20°C
0°cC 10°C 20°C 30°C 200 psi | 400 psi
C/4 90.80 | 93.60 | 92.04 | 90.96 92.04 92.55
c/2 85.79 | 86.30 | 86.76 | 86.68 86.76 86.20
c 82.80 | 77.04 | 78.86 | 79.62 78.86 76.85
2C 72.67 | 67.72 | 72.39 | 72.23 72.39 68.38
5C #4# 28.18 | 41.52 #i# 41.52 #4#
5C Pulse ### 52.08 | 65.18 ### 65.18 ###

### - 5C and 5C Pulse run only at 10°C and 20°C at 200 psi

Table VI. - WHR EFFICIENCIES AT ALL TESTED CONDITIONS WITH A C/2

RATE CHARGE
Discharge Whr Efficiency, %
Rate
200 psi 20°C
0°C 10°C 20°C 30°C 200 psi | 400 psi
c/4 75.90 | 78.17 | 77.92 | 79.99 77.92 80.09
c/2 69.28 | 69.21 *kk 75.29 *kk 71.52
c 61.67 | 58.93 | 63.69 | 68.32 63.69 63.64
2C 46.51 | 45.85 | 53.43 | 41.26 53.43 52.91
5C #i# 15.35 | 24.82 ### 24.82 #4#

*** _ No readings available due to data collection system errors
##4# - 5C and 5C Pulse run only at 10°C and 20°C at 200 psi
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Table VII. - MID-PT. DISCHARGE VOLTAGES AT ALL TESTED CONDITIONS
WITH A C/2 RATE CHARGE

Discharge Mid-Pt. Discharge Voltage, V
Rate
200 psi 20°C

0°C 10°C 20°C 30°C 200 psi | 400 psi
C/4 12.90 | 12.85 | 12.95 | 13.20 12.95 13.10
C/2 12.40 | 12.45 | 12.65 | 13.00 12.65 12.80
o 11.45 | 11.72 | 12.15 | 12.60 12.15 12.45
2C 9.70 | 10.15 | 11.10 | 11.83 11.10 11.55

Table VIIT. - CAPACITIES & A

HR EFFICIENCIES FOR FLOODED ELECTRODE

TESTS -
7B;§¢harge Capacity, Ahr Ahr Efficiency, %
Rate EP31 WY26 EP31 WY26
C/4 0.64 0.43 71.95 73.07
/2 0.63 0.41 71.19 70.48
c 0.59 0.40 66.54 68.00
2C 0.55 0.39 61.92 67.43
5¢C 0.47 0.37 52.63 62.86
10C 0.25 0.33 28.20 56.90
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ADVANCED DOUBLE LAYER CAPACITORS

S. Sarangapani, P. Lessner, J. Forchione,
A. Griffith and A.B. LaConti
Giner, Inc.

Wal tham, Massachusetts 02254

Work has been conducted that could lead to a high energy density electro-
chemical capacitor, completely free of liquid electrolyte. A three-dimensional
RuOy-ionomer composite structure has been successfully formed and appears to
provide an ionomer ionic linkage throughout the composite structure. Capaci-
tance values of approximately 0.6 F/cm® have been obtained compared 1 F/cm2 when
a liquid electrolyte is used with the same configuration.

INTRODUCTION

Electrochemical capacitors store energy by utilizing double layer and sur-
face redox type processes. Table I compares energy density, power density, and
cycle life figures for batteries, electrochemical capacitors, and conventional
capacitors. The projected energy density for electrochemical capacitors are two
orders of magnitude lower than that of batteries, but power densities (on the
millisecond to second) time scale are three orders of magnitude higher. Energy
density is much better than for conventional capacitors, but the nature of the
electrochemical processes make the electrochemical capacitors suitable for rela-
tively long pulses (milliseconds) and low to intermediate power applications.

Table I
Device Wh/L~ W/L Cycle LIfe
Batteries 50-250 150 <10*
Electrochemical Capacitors 5 >105 >10%
Conventional Capacitors 0.05 | >108 >106

Several applications of devices with the characteristics of electrochemical
capacitors can be envisioned: lightweight electronic fuses, burst power for
battery-powered vehicles and backup power for computer memory. The last appli-
cation takes advantage of the high cycle life of electrochemical capacitors,
instead of the high power density. Commercial devices, based on high surface
area carbons and sulfuric acid and marketed by NEC under the SUPERCAP brand
label, are already being sold for this application. Preliminary projections
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indicate that the advanced electrochemical capacitors that are being developed
will have an order of magnitude higher specific energy and energy density than
these carbon-based capacitors. .

A simplified equivalent circuit of a single electrochemical capacitor cell
is shown in Figure 1. A device consists of two electrodes separated by an elec-
trolyte. Capacitances for metals and carbons in contact with aqueous solutions
are 10-40 microfarads/real em?. Certain noble metal oxides in contact with
aqueous solutions have capacitances in the range of approximately 150 micro-
farads/cm? (Kleijn and Lyklema, 1987). Materials in contact with organic
solvent-electrolytes may also have high capacities. In addition, pseudocapacity
due to fast surface redox reactions can contribute to energy storage which is
accessible on a similar time scale as double layer energy storage. High surface

area porous electrodes can be used to give capacitances up to several farads per
geometric cm?,

7

The equivalent circuit also illustrates several resistances present in the
system. The resistance in parallel with the capacitance represents a leakage
path. It should be as high as possible. The series resistance between the
electrodes ultimately limits the power that can be delivered by the system.

The major contributor to this is the resistance of the electrolyte between the
electrodes. In addition, for practical systems using porous electrodes, the
distributed electrolyte resistance in the electrode contributes to the series
resistance,

Because of the decomposition of water, aqueous-based devices are limited to
about 1 V per cell; organic-based devices may have higher cell voltages because
organic solvents have higher decomposition voltages. To build up the voltage,
several cells need to be stacked in series.

These physical principles provide an explanation for some of the figures of
merit listed in Table I. Energy density of electrochemical capacitors is lower
than that of batteries because the capacitors use surface processes to store -
energy instead of bulk processes. However, these surface processes are accessi-
ble on a much shorter time scale than bulk processes giving the electrochemical
capacitor a higher power density. Cycle life is greater than that of batteries
because the surface processes result in no or small morphological changes in the
material. In a sense, the electrochemical capacitor can be thought of as a
specialized type of battery.

Some work has been conducted in the development of solvent-electrolyte-
based electrochemical capacitors (Holleck,et al., 1988; Lee, et al., 1988).
A problem with these systems is the possibility of electrolyte leakage. This
can occur because of external pressure changes or gas evolution due to cell
overcharge. The typical sulfuric acid electrolyte (3 to 4M HpS04) is very cor-
rosive and leakage could cause the module and ancillary equipment to be damaged
or destroyed. This has led us to investigate devices where the liquid electro-
lyte 1s replaced by a solid ionomer electrolyte. Perfluorosulfonated ionomer
electrolytes, such as Nafion(R), consist of a perfluoro polymer backbone to
which sulfonic acid sites are permanently anchored. The only liquid or vapor
present in these devices would be pure water,

(R) E.I. DuPont Trademark
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The device concept is shown in Figure 2. The capacitor electrodes (high
surface area metal oxides) are separated by thin sheets of ionomer membrane.
Current collection is accomplished via lightweight foils or screens. The con-
figuration allows the individual cells to be stacked into a module. The repeat-
ing element consists of the thin bipolar metal collector in intimate contact
with a unitized particulate-solid ionomer composite structure.

The major challenge to be met when replacing the liquid electrolyte with
the solid ionomer electrolyte is maintaining a high surface area electrode-
electrolyte contact. A liquid electrolyte is sorbed into the macropores of the
electrode and micropores down to about 100 A by capillary action. An_illustra-
tion of the type of composite that needs to be formed with the solid electrode-
solid ionomer electrolyte structure is shown in Figure 3. A film of ionomer is
needed from the face of the electrode in contact with the ionomer membrane
separator extending back into the electrode toward the current collector. The
electrode particulates must make intimate electronic contact with each other and
with the current collector. Ideally, there is ionomer ionic linkage throughout
the thin particulate-solid ionomer composite structure and extends from metal
collector to metal collector.

There are several requirements for the electrode material to be used in the
electrochemical capacitor. Most importantly, it should have a high double layer
capacity and pseudocapacity on a real area basis. 1In order to have a high
capacitance on a geometric area basis, the material should have a high surface
area. The material should be able to be fabricated into a porous electrode
forming a high surface area interface with the solid ionomer electrolyte and
bonded to the ionomer membrane separator.

RuO; was selected as the electrode material to be studied initially because
it meets all of these requirements. The oxide has a high double layer capacity
of about 150 microfarads/real cm? (Kleijn and Lyklema, 1987). There is also a
substantial pseudocapacity due to the surface reaction which can be written
approximately as:

2Ru0, + 2H' + 2¢” —> Ru,0, + H,0 [1)
This type of surface reaction in combination with double layer processes has
been shown to be capable of sustaining high current densities on the millisecond
scale (Holleck, et al., 1988; Lee, et al., 1988). RuO, can be made into a high
surface area coating (Trasatti and Lodi, 1980) or as high surface area particu-
lates (Balko, et al., 1980). Bonding of particulates to an ionomer membrane has
been demonstrated for RuO, anodes for use in chlor-alkali cells (Coker, et al.2
1980) where membrane and electrode assemblies with active areas of up to 35 ft
have been prepared.

EXPERIMENTAL METHODS
RuO, was prepared by thermal decomposition of RuClj in a NaNO, flux (Balko,
et al., %980). The resulting powder was characterized by scanning electron

microscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction
(XRD) and nitrogen surface area (BET method).
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Two approaches were used to form the RuO,-ionomer composite electrodes:
1) impregnation of a PTFE-bonded RuD, electrode with ionomer solution, and
2) mixing of ionomer solution with RuO, powder, followed by formation into an
electrode. 1In all cases, the ionomer solution was 5% Nafion 117 in an alcohol-
water mixture (Aldrich Chemicals).

The RuO,-Nafion composite electrodes were hot-pressed to a Nafion 117
membrane. A diagram of the test cell is shown in Figure 4. The electrode
arrangement for testing consisted of two electrodes pressed on opposite sides
of the membrane. The membrane and electrode (M and E) assembly was held between
two acrylic plates which contained a water reservoir to keep the M and E wet.

A tail of the Nafion 117 membrane dips into a beaker of H,S0, which contains a

Hg/Hg,S0, reference electrode. Some of the M and E assemblies had an 1ntegrallyr

bonded Pt/air reference electrode.

The effectiveness of forming the extended RuO,-ionomer interface and the
maximum electrochemical limits of operation were assessed by using cyclic
voltammetry. The electrode was cycled between voltage limits where only double
layer and reversible surface redox processes occur. For double layer or surface
processes, the current is related to sweep rate by:

v )
de - 2]

i =C

where C is the capacitance of the electrode.

RESULTS AND DISCUSSION

‘Powder X- ray diffraction showed the material to be substahtially Ru02
There was some undecomposed %uCl present. Nitrogen adsorption measurements
gave surface areas near 50 m“/g. The SEM photograph in Figure 5 shows the
particles to be pyramid-shaped and on the order of 0.1 to 5 microms in size.
Clearly these surface areas cannot be explained on_the basis of impermeable
particles of this size. TEM examination of a 50 m2/g powder (Figure 6) shows
that the particles have considerable internal porosity with crystallites on the
order of 200 A. Assuming spherical particles of this diameter, the calculated
specific surface area is about 40 m“/g, which is in good agreement with the
measured BET surface area This powder was heat treated which reduced its
surface area to 3 m‘/g. Figure 7 shows that this surface area loss was due to
the loss of the small size particles by sintering. This type gf morphology in
the oxide is not ungxpected The density of RuCl, is 3.1 g/cm”, while RuO, has
a density of 7 g/cm”. When the decomposition reactlon is accompanied by a large
decrease in specific volume (as is the case here) the final products tend to
have the external shape and dimensions of the precursor, but with many small

voids (Volpe and Boudart, 1985). This appears to be the case here.

Voltammograms of a RuO, electrode bonded to a Nafion 117 membrane are shown
in Figure 8. At potentials more negative than -0.4 V vs. Hg/HgS0,, Ru0, is
irreversibly reduced to lower oxides (shown as the beginning of a reduction wave
in Figure 8). Above about 0.5 V, oxygen evolution is possible. This gives a
single cell a usable voltage of 0.9 V. 1In the intermediate region, the voltam-
mogram is fairly flat with peaks due to reversible surface conversion of oxides
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as in Reaction 1. Trassati and Lodi (1980) have stated that the oxide cycles
between the +3 and +4 states in the region of -0.3 to 0.3 V. The current in
the potential region near 0.15 V was plotted against sweep rate to obtain
capacitance.

The capacitances of 50 m2/g powder bonged to the Nafion 117 membrane with
no ionomer impregnation are about 0.15 F/cm®. This capacitance is independent
of Ru0O, loading. This is approximately one order of magnitude lower than the
capacitance if the electrode was completely flooded with sulfuric acid.

Our most successful attempts to extend the area of electrode-electrolyte
contact has been via the technique of suspending RuO, in a Nafion solution and
spreading it onto the Nafion 117 membrane, followed Ey evaporation of the
solvent. Figure 9 shows the results obtained by using this technique with a low
surface area powder and 5 wt$ Nafion in the final electrode. Although the abso-
lute values of capacitances are low, a clear correlation is seen between RuO,
loading and capacitance. Figure 10 shows that with a higher surface area
powder, similar results can be achieved. Another technique is to form the elec-
trode on a separate thin sheet, followed by transfer to the membrane. Figure 10
shows that this method gives similar results; it %s also more amenable for
making larger electrodes. Electrodes up to 25 em® have been made with this
technique.

SUMMARY

The all-solid electrochemical capacitor concept offers the advantage of
greater reliability and safety. If the electrode-ionomer structure can be
optimized further and sufficiently thin ionomer membrane separators can be
developed, then the energy and power density for the all-solid capacitor should
be comparable to other advanced electrochemical capacitors being developed (Lee,
et al., 1988 and Table I). The techniques of sealing/water management, thermal
management and power transfer/control are expected to be similar to scaled-up
all-solid-state proton exchange membrane bipolar electrolysis devices (Cgker, et
al., 1982). These devices containing up to 100 bipolar elements (0.3 ft*) have
been marketed as reliable devices for over 5 years.
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Figure 1. Simplified Equivalent Circuit of Electrochemical
Capacitor Single Cell.
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Figure 5. SEM Photograph of RuO, Particulates.
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RECENT ADVANCES [N SOLID POLYMER ELECTROLYTE FUEL CELL
TECHNOLOGY WITH LOW PLATINUM LOADING ELECTRODES

Supramaniam Srinivasan, David J. Manko, Hermann Koch1,
Mohammad A. Enayetullah and A. John Appleby
Center for Electrochemical Systems and Hydrogen Research
Texas Engineering Experiment Station
Texas A&M University System
College Station, Texas 77843

Of all the fuel cell systems only alkaline and solid polymer electrotyte fuel cells are capable
of achieving high power densities (>1W/cm?2 ) required for terrestrial and extraterrestrial
applications. Electrode kinetic criteria for attaining such high power densities are discussed.
Attainment of high power densities in solid polymer electrolyte fuel cells has been demonstrated
earlier by different groups using high platinum loading electrodes (4 mg/cm?2) . Recent works at
Los Alamos National Laboratory and at Texas A&M University (TAMU) demonstrated similar
performance for solid polymer electrolyte fuel cells with ten times lower platinum loading (0.45
mg/cm? ) in the electrodes. Some of the results obtained at TAMU are discussed in terms of the
effects of type and thickness of membrane and of the methods of platinum localization in the
electrodes on the performance of a single cell.

1 INTROD N

1.1 Rationale for Selection of Solid Polymer El lyte Instead of Alkaline El lvte Fuel
Cell System for Attainment of High Power Densities

Only the alkaline and solid polymer electrolyte fuel cell systems are capable of attaining

high power densities (>1 W/cm2). The pros and cons of the two fuel cell systems are best
expressed as in Table 1. Even though the alkaline fuel cell systems developed by International
Fuel Cells/United Technologies Corporation(1), for the Apollo and Space Shuttle Program, are in a
highly advanced state and have functioned extremely well for the required missions, the solid
polymer electrolyte fuel cell system is a stiff competitor for the alkaline fuel cell system, as is
clearly evident in Table 1. There is already a sufficient Technology Base Development for the
alkaline system at International Fuel Cells/United Technologies Corporation and several $100 M
have been invested in this system. Even though a considerably lesser financial support has been
provided for the solid polymer electrolyte system, it is in an advanced state of development, as
evidenced by the progress made in the development of 1.5 kW systems by Ballard Technologies,
Inc. in Vancouver, Canada (2) and by Ergenics Power Systems, Inc., in Wyckoff, New Jersey(3).
Siemens(4) in Erlangen, Germany is also engaged in research, development and demonstration of
high power density solid polymer electrolyte fuel cell systems for submarine applications. The
work on solid polymer electrolyte fuel cell systems by these organizations has been with high
platinum loading (4 mg/cm?) electrodes. In the most recent work at Ballard, it has been reported
that a current density (i) of 6 A/cm? has been attained at cell potential (E) of 0.5 V. The slope of
the linear region in Ballard's E - i plot is 0.08 ohm cm?2. The performance of relatively high power

densities (1A/cm?2 at 0.7V) in solid polymer electrolyte fuel cells with low platinum loading

! Exchange Graduate Student from Ruhr University, Bochum, Germany, FR.
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electrodes was first demonstrated at Los Alamos National Laboratory by Srinivasan, Ticianelli,
Derouin and Redondo (5-7).

The solid polymer electrolyte fuel cell system has major advantages over the alkaline fuel
cell one in terms of lower operating temperature, ability to start from cold, and total lack of
electrolyte management problems. From a cold (10°C) start-up, this system can be designed to
give full power in under 30 seconds. The fuel cell system can easily be programmed for instant
start-up by arranging a stack hydrogen dead-volume after the cut-off valve equal to twice the
corresponding oxygen cut-off-dead-volume. Short-circuiting will rapidly reduce hydrogen and
oxygen partial pressures to close to zero, with production of water that is sealed into the stack, and
so will maintain the membrane in peak condition. Thus, a cold solid polymer electrolyte fuel cell
stack can be safely and indefinitely left on open circuit, if prevented from freezing, and it can still
be ready for rapid start-up. This is a great advantage compared with the high-performance alkaline
fuel cell system, which must be maintained at the required minimum temperature to prevent
electrolyte solidification, and whose open-circuit storage under these conditions is doubtful.

1.2 Necessary Electrode Kinetic Criteria for Attainment of High Power Densities

The heart of the fuel cell system is the electrochemical cell. Even though the electrode
kinetics of the electrochemical ceil have been adequately dealt with in books (8,9) and review
articles in journals (10), it is worth recapitulating the electrode kinetic criteria for attainment of high
power densities. As will be seen from the brief analysis presented below, the electrode kinetics of
fuel cell reactions pose the critical issues and problems.

Firstly, there is no doubt that the only fuel cells which are capable of attaining high power
densities are the ones using hydrogen and oxygen as reactants. Secondly, it has been clearly
demonstrated that only the fuel cells with alkaline and perfluorinated sulfonic acid polymer
electrolytes are capable of attaining high power densities. The main reason for this is that there is
hardly any anion adsorption on electrocatalysts from these electrolytes and thus the poisoning of
the oxygen reduction reaction is minimal. Thirdly, in fuel cells with both these electrolytes, mass
transport limitations are not visible at current densities up to several A/cm?. Under these
conditions, the cell potential (E) - current (i) relations may be expressed by the equation:

E=E,-blogi-Ri )

In perfluorinated sulfonic acids and their polymeric acids (for e.g., Nafion), the kinetics of
hydrogen oxidation is extremely fast and the potential of the hydrogen electrode varies linearly with
current density up to high current densities (a few A/cm?) (7). In alkaline electrolytes, this is not
the case because the exchange current density for this reaction is considerably less than in the
perfluorinated sulfonic acids(11). However, the oxygen reduction reaction is faster in alkaline
medium than in perfluorinated sulfonic acids. In both media, the relation between the oxygen
electrode potential and current density is semi-logarithmic, and this accounts for the second term in
the right hand side of Eq. 1. In this equation, b represents the Tafel slope for the oxygen reduction
reaction. The first term on the right hand side, may be further expressed by:

E,=E;-blogi, @

where E; is the reversible potential for the cell and i, is the exchange current density for the oxygen
reduction reaction. Differentiating equation (1), one obtains:

E__b R 3)
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At low current densities, the first term on the right hand side of Eq. 3 is predominant and is
reflected in the high slope (which gradually decreases) of the cell potential - current density plot
(see Fig. 1). At higher current densities, the second term becomes important and is responsible for
the linear region in this plot. Contributions to R are from (i) the ionic resistance of the electrolyte;
(i) electronic resistance of the electrodes; (iii) charge transfer resistance of the hydrogen electrode;
(iv) charge transfer resistance of the oxygen electrode which is due to the difference in the
activation overpotential between the two current densities over which the slope was measured; and
(v) any small contributions to mass transport resistances. As seen from figure 1, if mass transport
becomes important there will be a rapid fall-off of cell potential with current density and thus only
close to the limiting current density does mass transport control exert its influence. This
apparently simplified equation applies over 3 decades of current density ( Im A/cm? to 2 A/cm?)
for high power density solid polymer electrolyte fuel cells (see Section 3).

It is worthwhile at this stage to focus on the electrode kinetic requirements to attain high
power densities by an examination of Equations (1 to 3) and Figure 1. Two factors clearly
dominate the shape of the cell potential - current density relation: these are the Tafel parameters for
the oxygen reduction reaction and the ohmic overpotential in the cell. The highest values of the
exchange current density for oxygen reduction in porous gas diffusion electrodes is approximately
106 A/cm?, The minimum value of R in Eq. 1 which has been reported is 0.05 ohm cm? for the
alkaline fuel cell system (operating at 150°C and 8 atm) and 0.08 ohm cm? for the solid polymer
electrolyte fuel cell system (operating at 95°C and 5 atm). In alkaline electrolytes, the Tafel slope
for oxygen reduction on the best electrocatalyst (90% Au 10% Pt) is 0.04 V/decade, whereas in
solid polymer electolytes it is 0.06 V/decade. The best reported cell performance in the alkaline
fuel cell system is at a temperature of 150°C and 8-10 atm pressure. In the solid polymer
electrolyte fuel cell system, most of the work has been carried out at close to 100°C, whereas the
best, reported, performance by Ballard Technologies, Inc. is at 120°C. Use of a value of E, = 1.20
V is a close approximation for the reversible potential of the fuel cell in both these environments.
Thus at a current density of 3 A/cm2, and a cell potential of 0.8 V(an expected performance of fuel
cells for defense applications), one may write the following expressions for the exchange current
densities of the oxygen reduction reaction:

Alkaline fuel cell:

0.8 =1.20+0.041logi,-0.041log3 - 0.05x 3 4)
_ . io=1.7 x 10 A/cm?
SPE®, fuel cell:

08  =1.20+0.061logio-0.06log3 -0.10x 3 (5)

o lo=65x 102 Alem2

This simplified analysis signifies that the exchange current density for oxygen reduction in alkaline
electrolyte must be equal to or greater than about 2 x 108 A/cm? (based on the geometric area of

the electrode) to reach the specified goals. On the other hand, with the value of R (0.1 ohm cm?)
assumed for the solid polymer electrolyte, the exchange current density for the oxygen reduction

reaction will have to be greater than 7 x 102 A/cm? (again based on the geometric area of the
electrode). If, however, we were to assume the same value of R for the solid polymer electrolyte
fuel cell as that for the alkaline fuel cell, the exchange current density for the oxygen reduction will

have to be 2 x 10 A/cm2. Considering the exchange current densities, which have been reported
for oxygen reduction on smooth surfaces in alkaline (i, = 10°® A/cm?) and fluorinated sulfonic acid

(ip= 107 A/cm?) electrolytes at room temperature and assumin g (1) an increase of these values by a
factor of 10 for operation at elevated temperatures (150°C for the alkaline fuel cell system and
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120°C for the SPE®fuel cell system); and (ii) a conservative value of 100 for the roughness factor of
the porous electrodes, it should be possible to reach the desired goal of operation at 3 A/cm? and
0.8 V/cell, only if the slope of the linear region of the cell potential - current density is 0.05 ohm
cm? or less.

1.3 A Snap-Sh rsion of the § f Solid Pol r El Iyte Fuel Cell Technol

In three recent articles (5-7) the present status of the solid polymer electrolyte fuel cell
technology is summarized. For detailed information, the reader is referred to these publications.
In this paper a "snap-shot" version (Table 2) of the progress made in this field is presented.
Table 2 demonstrates that significant progress has been made during the 1980's in solid polymer
electrolyte fuel cell technology in spite of the fact that the funding for this program is miniscule
compared to the investments made for the development of alkaline, phosphoric, molten carbonate
and solid oxide fuel cells. In hardware production of solid polymer electrolyte fuel cells, Ballard
Technologies Corporation and Ergenics Power Systems, Inc. have done extremely well. Both are
at a stage where they can custom-make 1 1/2 kW power plants. However, these systems, as well
as the previously developed ones by General Electric Company, contain electrodes with high
platinum loadings (4 mg/cm2). The first demonstration of high power density solid polymer
electrolyte fuel cells with low platinum loading electrodes was by one of the authors in this paper
(SS) and his coworkers at Los Alamos National Laboratory (LANL); a brief description of this
work is presented in the next sub section.

14 A Svnopsis of Advances in the Attainment of High Power Densities in Solid Polymer
Electrolvte Fuel Cells with Low Platinum Loading Electrodes

Since the first Space Electrochemical Research and Technology (SERT) Conference, in
which the results of the first set of investigations on solid polymer electrolyte fuel cells with low
platinum loading electrodes were presented(S), there has been considerable progress in developing
methods for the attainment of high power densities (about 0.7 W/cm?2) in such types of fuel cells.
It must be noted that the Nafion (registered trademark of Dupont) membrane was used as the
proton-conducting membrane in all these investigations. The methods used to attain the high
power densities may be summarized as follows:

(i) optimization of the amount of Nafion impregnated into the electrode structure;

(ii) hot-pressing of the Nafion-impregnated electrodes to prepurified Nafion membranes at
120°C (close to glass transition temperature) and 50 atm pressure;

(iii) optimization of the humidification of the reactant gases at a temperature of 5°C for
oxygen or air and 10-15°C for hydrogen above the cell temperature;

(iv) operation of the cell at elevated temperatures and pressures (say, 80° C and 5 atm); and

(v) localization of platinum by fabrication of electrodes with a higher percentage of
platinum crystallites on high surface area carbon (i.e., supported electrocatalysts with
20 wt% Py/C rather than 10%) while still maintaining the amount of Pt in the electrode
(0.4 mg/cm?) and by sputter-deposition of a thin film of platinum on the front surface

(0.05 mg/cm?), corresponding to 500 A film a smooth surface).”

By use of all these methods, it was possible to attain a current density of 1 A/cm? at a cell
potential of 0.64 V with Hy/O» as reactants and 0.580 V with Ho/air reactants at 80°C and 3/5 atm
pressure (3 on hydrogen and 5 on oxygen side).

The cell potential (E) - current density (i) plot fitted the equation (1). The electrode kinetic
parameters for the cell E;, band R were calculated using a non-linear least squares fit of this
equation to the experimental points. The slope of the Tafel line for oxygen reduction was found to
be 0.050 to 0.060 V/decade and was independent of temperature.
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Since small variations in the parameter b give rise to misleading values of i, it was decided
to use the current density at a cell potential of 0.900 mV (at this potential mass transport and ohmic
effects are negligible and so also is the overpotential at the hydrogen electrode) as a measure of the
electrocatalytic activity of the electrode for the oxygen reduction reaction. Itis extremely important
to have this value as high as possible to minimize the steep decrease of slope of the cell potential -
current density region at very low values of curent densities. In the best case, i.e., with Hp/O3 as

reactants at 3/5 atm and 80°C in cells with electrodes composed of 20% Pt/C supported
electrocatalysts and 0.4 mg Pt/cmZ on to which a thin film of Pt was sputtered, the current density
at 0.900 V was 160 mA/cm2- Further, the calculated value of R (0.24 ohm cm?) was quite close to

the high frequency resistance (0.21 ohm cm?), indicating the absence of mass transport
overpotential over the measured current density range. The increase of cell potential with pressure,
at constant current density, showed the expected semi-logarithimic dependence. The cyclic
voltammetric technique was used to determine the electrochemically active surface area of the
electrode. By use of this method, the platinum utilization of the electrode with the best

configuration of electrodes (20% Pt/C 0.40 mg Pt/cm2 plus sputtered film (0.05 mg Pt/cm?2) was
found to be about 15-20%. It was concluded in the second publication (7) since the SERT
conference that to increase the power densities further, it is necessary to use membranes with
higher specific conductivities and better water retention characteristics.

1.5 Scope of Present Work

The work described in the preceding sub-section was carred out by one of the authors (SS)
of this paper and his former colleagues at LANL. This work has since then been continued in our
laboratories with the objectives of increasing the power densities still further, as required for some
applications (for example, silent mobile power source for transportation). While the work at
LANL was focussed on developing on solid polymer electrolyte fuel cells using reformed
hydrogen (steam-reforming of methanol), the work at our Center (CESHR) is concentrating on
developing fuel cells using pure Hy and Oz . As seen from the results in the preceding section, the
"high priority" tasks which are envisioned to be important are (i) to develop methods, alternative to
sputter-deposition to localize platinum near the front surface of the electrode and (ii) to reduce the
ohmic overpotential in the cell. The reason for importance of the former is that sputter-deposition
is not economically feasible compared to wet-chemical methods, which can be automated, for the
large-scale modification of surfaces of electrodes for fuel cell systems with a reasonable power
output (20 kw and higher). The methods, which are examined in this work for the deposition of a
thin layer of Pt on the front surface of the electrodes are: (i) brushing the surface with a
chloroplatinic acid solution (desired quantity and drying); (ii) brushing surface with platinum black
particles suspended in Nafion solution; and (ii1) electrodeposition of Pt. Two approaches were
taken to reduce the ohmic overpotential in the cell: use of (i) thinner membranes and (ii) Dow
membranes with better conductivity and water retention characteristics.

2 EXPERIMENTAL

2.1 Wet Chemical/Electrochemical Methods to Localize Platinum near Front Surfaces

The membrane and electrode (M&E) assemblies were fabricated using Protech porous gas
diffusion electrodes (20% Pt/C, 0.4 mg/cm?2) and proton conducting polymer membranes (Dupont
and Dow Chemical). Localization of an extra layer of platinum on the active surface of these
electrodes was achieved by wet chemical methods: (i) brushing with Nafion solution containing
unsupported Pt catalyst; (ii) chemical deposition of Pt from HzPtClg and (iii) electrochemical
deposition of Pt also from HaPtCle.
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In the first method, 0.5 mg of fuel cell grade unsupported Pt catalyst (Prototech) was

sonicated in 5% Nafion solution (0.6 ml) and two electrodes (each of 5 cm?2 area) were brushed
with the mixture, using a soft printing brush, as uniformly as possible. The brushed electrodes
were next dried in a vacuum oven at 70°C and then impregnated with Nafion in the manner
described in previous publications (5-7), prior to fabrication of the M&E assembly. Chemical
deposition of Pt (0.5 mg/cm2) was carried out by brushing the active surface of the electrodes with
an appropriate amount of 1% HPtClg solution in 0.05 M H2504, diluted with an equal volume of
methanol; this was then followed by heat treatment of the electrodes for three hours at 200 °C in
air. Electrodeposition of Pt, on the active side of Protech electrodes using the same HoPtClg (1%)
- methanol (1:1 vol.), was carried out at a constant current density of 2 mA/cm?2 to deposit ~0.05
mg/cm? of Pt; a gold foil was used as anode during electrolysis. :

2.2 Assembly of Single Cells and Performance Evaluation =~

The main components of a single cell assembly are as described in previous papers(5-7).
The essential components are two graphite plates, the M&E assembly and gaskets containing the
gas inlet and outlet and ribbed channels for the distribution of reactant gases behind the porous gas
diffusion electrodes. The M&E assembly is positioned between two such graphite plates, The
reference electrode (a small piece of fuel cell electrode) is embeded in the graphite plate on the
anode side. Teflon coated fiberglass cloth gaskets are placed between the membrane and each of
the graphite current collectors to prevent gas leakage and to avoid excessive compression of the
electrodes. The current collection from the fuel cell uses a copper plate positioned behind each of
the graphite plates. Compression of the overall assembly is made by means of two 1/4 inch thick
stainless steel end plates and four bolts. Teflon sheets are used for electric insualtion of the single
cell and the end plates. Though incorporation of a single cell in the test station with all its
peripheral components (e.g., temperature controller, humidification chamber, flow meters, back
pressure regulator) have also been described in the referenced publications, the components of the
single cell and the test station are illustrated in Figs. 2&3 respectively. The performance evaluation
was carried out using a microcomputer (IBM - XT) a power supply (HP 6033A) and a data
acquisition unit (HP-3421A) interconnected through a GPIB bus. During performance evaluation,
the fuel cell is connected in series with the power supply for its operation under galvanostatic load
and cell potentials as well as half cell potentials versus current density data were recorded
periodically. Measurements were made at different temperatures and pressures of reactant gases
(Hy at the anode and air/O; at the cathode). S ' ’

3 RESULTS AND DISCUSSION

3.1 A Comparison of the Effects of the Suputter-Depostion and the Wet Chemical/
Electrochemical Methods on the Performance of Single Cells o

As stated in Section 1, one of the main objectives of this work was to find alternatives to
sputter-deposition to localize the platinum near the front surface of porous gas diffusion electrodes
with low platinum loading electrodes. The cell potential current density plots (Fig. 4) show that
fuel cells with the sputter-deposited and chloroplatinic acid treated electrodes exhibit similar
performances throughout the entire current density range (1 to 2000 mA/cm?). This is not so in the
case of the of the fuel cell with electrodes on to which a thin layer of Pt black was deposited. A
close examination of the linear E vs i (Fig. 4), as well as of the semi-logarithmic (E+ i R) vs log i
(Fig. 5) plots shows that the oxygen electrode is only activation-controlled up to a current density
or 1 A/em?. Fig. 5 and Table 3 illustrate that the fuel cell with HyPtClg treated electrodes shows a

higher oxygen electrode performance than the electrodes with the Pt sputter-deposited and
Pt/Nafion thin layers. This reflects a higher surface area of the HyPtClg treated electrode. The fuel
cell with the Pt black treated electrodes have an unusually high slope in the linear region of the E-i
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TABLE 3

Effect of Method of Deposition of Thin Layer of Platinum (0.05 mg/cm 2)
on Front Surface of Prototech Electrodes (20% Pt/C, 0.04 mg Pt/cm 2)
on Electrode Kinetic Parameters (see Eq. 1) for H 2/02 Solid Polymer
Electrolyte Fuel Cell with 100 pm thick Nafion Membrane.

Eiectrode Kinetic Current

Parameters for Cell Density

Membrane Type Cell Pressure Eo b R 2 at 0.9V
and Thickness Temperature Hy /05 \' ' Q/em mA/c
Sputtered Pt 50 171 0.830 0.044 0.339 7
" 50 4/5 0.993 0.047 0.301 35
" 70 4/5 0.983 0.040 0.252 46
. 85 4/5 0.999 0.450 0.201 52
) 95 4/5 0.997 0.500  0.189 61

Unsupported
Pt/Nafion, Brushed 50 1/1 0.964 0.052 0.501 12
; 50 475 0.956 0.048  0.452 48
70 1/1 1.024 0.059 0.505 10
) 70 4/5 1.014  0.052  0.462 51
) 85 475 1.008 0.045  0.414 61
" 95 4/5 1.005 0.044 0.368 35
H2PICI6in

HZO-CH3OH—erShed 50 171 0.978 0.056 0.338 19
) 50 4/5 1.024 0.053 0.341 72
) 85 4/5 1.019 0.044  0.253 80
) o5 4/5 1.020 0.056 0.189 83
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plot and the departure from linearity occures at a relatively low current-density. The slopes of the
linear regions of the E-i plots in the other two cases are similar for identical operating conditions
but not low enough to reach the desired goals of power density (See Section 1.2). However, it is
encouraging to note that the wet chemical method of application of chloroplatinic acid followed by
the heat-treatment provides electrodes which exhibit similar performances to the sputter-deposited
ones.

3.2 Effects of Thickness of Membrane on Performances of Fuel Cells

Most of the LANL studies reported in references 5 to 7 used Nafion 117 membranes. Fuel
cells with these membranes yield a slope of approximately 0.25 ohm cm? in the linear region of
the E-i plot. If the resistance of the test cell fixtures (0.05 ohm cm?2) is subtracted from this value,
the slope of the E-i (Table 3) plot (linear region) will be reduced to 0.20 ohm cm?- This value is
still too high to reach current density of 2 to 5 A/cm? at reasonable cell potentials (> 0.5V). Thus,
in this work experiments were carried out with Nafion membranes having a thickness of 50
and100 pm and the results of fuel cell performance compared with those in fuel cells with the
Nafion 117 membrane (thickness: 175 pm). The 100 um membranes were of the "sweded type"
(sweding was carried out to roughen the surfaces of the membrane and make it of uniform
thickness). The performances of the fuel cells with the 50, 100 and 175 Hm membranes are shown
in Fig. 6. While the fuel cell with the Nafion 117 membrane begins to show mass transport
limitations at a current density of 1 A/cm?, this is not the case for the single cells with thinner
Nafion membranes. The single cell with 100 pm membrane shows mass transport limitation at 1.8
A/cmZ2 while the cell with 50 Hm membrane shows no mass transport limitation up to the highest
current density (2 A/cm2) of measurements.The electrode kinetic parameters extracted from these
experimental results and using equation (1), are shown in Table 4.” The agreement in the "pseudo i
R" (all forms of overpotential which show a linear variation of potential with current density -
mostly ohmic ) corrected Tafel plots Fig. 7 for oxygen reduction in the cells with the 100 and 175
um thick membranes are as expected. The sweded membrane (100 um thick) shows a slightly
higher resistance than expected on the basis of its thickness as compared to the thicker (175 um)
membrane (Table 4).

3.3 Dow Membranes: The Solution to Attainment of Super High Power Densities

In the work to date the highest power densities were attained by using Dow membranes as
the electrolyte layer. A comparison of the performances of single cells using the Nafion and Dow
membranes is illustrated in Fig. 8. The Nafion Membranes had thicknesses of 175 and 100 pm
while the Dow membranes were 125 um thick. It is natural to expect a thinner membrane to have a
lower resistance but even if we take this into consideration the Dow membrane has a lower specific
resistivity (i.e., higher specific conductivity) than Nafion. The reason for the higher specific
conductivity of the Dow membrane than that of Nafion is that the monomer of the former may be
represented by :

CF,=CF O CF, CF; SO3 H (6)
while that of the later is: CF;= CF O CF, CIF O CF; CF; SOs H (7)
CF3

Hence, there are a greater number of sufonic acid groups in Dow polymer membrane than in the
Nafion polymer membrane. Expressed in another manner, the Dow proton conducting polymer has
a lower equivalent weight than Nafion.
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TABLE 4

Effect of Thickness of Nafion Membrane and of Type of Membrane on
Electrode Kinetic Parameters of H 2 /O, Solid Polymer Electrolyte
Fuel Cell with Prototech Electrodes (20% Pt/C, 0.40 mg Pt/cm 2)
on to which a Thin Layer of Pt (0.05 mg/cm2 ) was sputtered.

Electrode Kinetic Current
Parameters for Cell Density
Membrane Type Cell Pressure Eo b R 2 at 0.9V
and Thickness Temperature Hy /045 ' ' Qem mA/cnf
Nafion 117,
175um 50 171 946  .049 475 7
" 50 3/4 1.003 0.048 .428 50
- 80 3/4 .951 0.037 .437 61
" 85 3/4 1.007 0.046 .298 70
Sweded Nafion 50 1/1 0.964 0.052 0.339 12
117, 100um
. 50 4/5 0.956 0.048 0.301 48
. 70 4/5 1.024 0.059  0.252 10
- 85 4/5 1.008  0.045  0.201 61
. 95 4/5 1.005 0.044  0.189 35
50 1/1 .833 .061 .188 <1
Nafion 117,
50pm
50 1/1 .855 .061 .195 7
Dow Membranes 50 4/5 995 053 157 42
" 70 171 .812 .062 .153 1.6
70 4/5 .994 .053 .116 43
) 85 4/5 1.002 053 111 62
- 95 4/5 1.000 .549 110 54
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Figure 8 shows that the cell-potential current density plots overlap in the low current
density region (say up to 50 mV). This means that the activation-controlled behavior is unaffected
by the characteristics of the membrane (Dow vs Nafion, Nafion thick vs thin). One can easily
interpret this result on the basis that the electrochemical reaction occurs to a large extent within the
pores and the surface of the electrodes which are coated with the proton-conducting membranes.
With increasing current density, the role of the membrane (type, thickness) is dominant and
consequently the slopes of the linear region are different. One significant result is that the slope of
the linear region in the cell with the Dow membrane (thickness 175 im) is less than that in the cell
with the Nafion membrane (thickness 100 pm) even thaough the thickness of the Dow membrane
is greater than that of the Nafion membrane. This result can be explained by the fact that the Dow
membrane has a higher specific conductivity than that of the Nafion membrane.

There is a second interesting observation in the E-i plots. The departure of the E-i plot
from linearity at the higher current density appears to depend on the thickness of the membrane (cf
the results with Nafion membrane 175 and 100 pm thick membrane) and the type (cf Dow
membrane 125 um vs Nafion 100 um). Departure from linearity at the high current densities are
associated with mass transport controlled processes. Generally, these are due to mass transport
limitations of reactants reaching the active sites in the electrode or of products (or inert gases like
N> when air instead of oxygen is used) away from the electrocatalytic sites. However, the
electrode structures and conditions of humidification of reactant gases were identical in the three
cases. It is very likely that transport processes within the membrane can be rate-limiting. The
transporting species are protons, which migrate from the anode to the cathode under the influence
of the electric field, and water molecules which are carried with the protons. It is estimated that 3-6
water molecules are transported with the protons. Due to the resulting concentration gradient of
water molecules in the cell during operation one can expect water molecules to diffuse from the
cathode to the anode. Mass transport limitations could occur due to any one or more of these

processes. The Dow membrane shows a linear behavior up to a current density of 2 A/cm2. This
is not the case in the cell with the Nafion membrane which is slightly thicker than the Dow
membrane. This result lends insight on different types of proton conduction (say Grotthus type in
a Dow membrane vs classical proton transport through the electrolyte in Nafion). It is interesting
to point out that in previous studies it was noted that when mass transport limitation begins on one
electrode, it also sets in on the other at the same current density. A detailed modeling analysis of
the mass transport processes is necessary to interpret the result in the higher current density range.

The electrode kinetic parameters for the cells were calculated as described briefly in section
1.2. The parameters Eg and b are unaffected by the membrane. However, R, which represents the
rate of increase of cell potential in a linear manner with the current density, depends on the
membrane type and its thickness. The most significant contribution to R is the ionic resistance of
the membrane, as has been shown previously using high frequency measurements (7). The
striking result is that R is a factor of two less for the cell with the Dow membrane (thickness 125
pm) than for the one with the Nafion membrane. This result follows from the fact that the Dow
membrane has a lower specific resistance. The calculated value of R is always slightly less than
the slope of the linear region in the E vs i plot. For example for the cell with the Dow membrane
operating at 95°C, the R is 0.110 while the slope of the linear region is 0.113. The reason for this
is that the apparently linear slope of the E-i plot includes a small contribution of the charge transfer
resistance of the oxygen reduction reaction. In the cells used in this work the test cell fixtures have
a resistance of 0.05 ohm cm2. If this is excluded from the values of R and of the slope of the E-i,

line the resulting values are only 0.06 and 0.08 ohm cm? respectively. The latter value is the same
as that of the slope of the E-i plot in the best Ballard Cells. Using the calculated values of R, the (E
+ Ri) vs log i plots (Fig.9) were made for the cells with the Dow (125 um) and Nafion (100 pm)

membranes operating at 95°C and 4/5 atm. The Tafel behavior is observed for the former cell over
the entire current density range, whereas for the latter, there is departure from the Tafel line at the
same current density as the one in the E-i plot where it departs from linearity.
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Another resutl is worth mentioning. The half and single cell potentials are plotted as a
function of current density (Fig. 10) for the cell with the Dow membrane. The hydrogen electrode
exhibits a linear behavior throughout the entire current density range. The hydrogen overpotential
at 2A/cm? is only 20 mV. Thus the charge transfer resistance due to the hydrogen electrode is only

0.01 ohm cm?2 which is a contribution of this electrode to the calculated R value or the measured
slope of the cell potential vs current density plot.

4 CONCLUSIONS
The conclusions which may be drawn from these studies are:

(i) The chloroplatinic acid method of treatment of the electrodes provides a satisfactory
alternative and considerably more economic method than sputtering for the deposition
of a thin layer of Pt on the front surface of the electrodes, which is essential for the
attainment of high power densities.

(ii) Use of thinner membranes is advantageous from the points of view of lowering the
ionic resistance and lowering mass transport limitations at higher current densities.

(iii) Striking results have been obtained in cells with the Dow membrane which has a

higher ionic conductivity , lesser mass transport limitations (H* and H20) and better
water management characteristics than Nafion.

(iv) The performances of a solid polymer electrolyte fuel cells with low platinum loading
electrodes are approaching those of the ones with ten times the platinum loading in
respect to attainment of high power densities.
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Figure 1.  Typical plot of cell potential versus current for fuel cells illustrating regions of
control by various types of overpotentials.
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Figure 2.  Schematic of solid polymer electrolyte fuel cell assembly.
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Figure 4.  Cell potential vs. current density plots for single cells with electrodes having
localized Pt layer deposited by different methods, all operating at 95°C and
with Hp/Op at 4/5 atm. Sputter deposited (@), electrochemically deposited

(+), chemically deposited from HaPtClg (A) and brushed with Nafion solution
- containing unsupported Pt (¢). Pt loading on each electrode: 0.45 mg/cm?2,
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Figure 5.

CELL POTENTIAL (DC VOLTS)

Figure 6.

LET

.90

Cell Potential + A 1 (V]

.20¢

L1071

.60 1

.50 1

.40 T

.30%

H2/02 4/5 Atm  Cell Temp. 85°C ORIGINAL PAGE IS
OF POOR GQUALITY

I N%“

.801

o

o}

+ = H2PtC16 brushed
0 - unsupported Pt brushed

% - Pt sputtered

1

‘10 500 1000
Current Density [mA/cm”2]

Plots of (E + iR) vs log i for single cells with electrodes having localized Pt
layer deposited by different methods, all operating at 95°C with Hp/O3 at 4/5

atm. sputter-deposited (%), chemically deposited from HoPtClg (+), and

brushed with Nafion solution containing unsupported Pt (0). Pt loading on each
electrode: 0.45 mg/cm2.

1.2

REACTANTS H2/02 CELL TEMP 95C 4/5 otm.

T T T T T T 1 T 1 T 1 1 ¥ 1T LN | T— 1
200 400 600 800 1000 1200 1400 1600 1800 200C

CURRENT DENSTTY (mA/cm~2)
+ 50

100 ¢ 175 ym

Cell potential vs current density plots for single cells with Nafion 117
membranes of two different thicknesses, operating at 95°C with Ho/O2 at 4/5

atm. Nafion, thickness:175 gm (0),100 um (=) and 50 pum (+) Pt loading on
each electrode: 0.45 mg/cme.
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THE APPLICATION OF DOW CHEMICAL'S PERFLUORINATED MEMBRANES
IN PROTON-EXCHANGE MEMBRANE FUEL CELLS

G.A. Eisman
The Dow Chemical Company
Freeport, Texas 77541

Dow Chemical’s research activities in fuel cells revolve around the development of
perfluorosulfonic acid membranes useful as the proton transport medium and separator.
The following work will outline some of the performance characteristics which are
typical for such membranes.

INTRODUCTION

The use of fuel cells as a power source has been successful for manned space applica-
tions on short-lived missions as is evident from the Gemini, Apollo and Orbiter mis-
sions. In the Tatter two programs, the alkaline technology has been the system of
choice; whereas the Gemini program experimented with the proton-exchange membrane
technology (PEM). Although the alkaline technology has enjoyed a certain degree of
popularity among the various fuel cell concepts for space applications, there are no
clear-cut favorites for one fuel cell technology over others when the duty cycle
becomes long as it would in extensive Tong-lived missions.

Until recently, the PEM fuel cell technology has been a laboratory curiosity except
for a few brief missions during the Gemini program. Although attractive for many
reasons, including long life (Ref. 1) and reduced failure rates as a result of pres-
sure upsets (when compared to free electrolyte systems), the lower power and effi-
ciency characteristics have kept the technology shelved. Recently, Dow Chemical
developed a new perfluorosulfonic acid proton transporting ionomer which can be
applied in fuel cells (Ref. 2-3). The results of tests with the Dow membrane as
reported in the Tliterature (Ref. 4-7), have demonstrated that the materials have a
significantly reduced internal resistance. For fuel cells, this reduced resistance
translates directly to performance and efficiency since a membrane with this charac-
teristic results in significantly enhanced proton transport rates with a lower emf
driving force. '

The performance of a proton-exchange ionomer in a fuel cell is related to many fac-
tors, some of which include membrane ionic activity, hydration Tlevel, visco-elastic
properties, as well as electrode characteristics, cell design, and mode of operation.
This paper will be concerned with the properties of the Dow materials which are
related to performance characteristics of a PEM fuel cell system.

EXPERIMENTAL

The Dow experimental membrane utilized in this study is characterized by having an
jon-exchange capacity of 1.13 and be;ng .013 cm in thickness. A1l cell tests were
carried out in a single cell 50 cm¢ active area PEM fuel cell designed and built by
the Hamilton-Standard Corp. for Dow Chemical. The cell is a modified version of the
hardware delivered to Los Alamos National Laboratory under a transportation contract
with Hamilton-Standard (NASA Contract #P.0. No.9-X53-D6272-1).

The current interrupt experiments were carried out using a home-made fast response
switching device coupled to a Nicolet storage oscilloscope.

115
PRECEDING PAGE BLANK NOT FILMED



The membrane and electrode assemb}ies were fabricated using proprietary techniques.
The electrode loadings were 2 mg/cm¢/side.

RESULTS AND DISCUSSION

Membrane Properties

The new perfluorosulfonic acid membranes recently introduced by Dow Chemical, as
referenced above, exhibit significantly Tower IR Tosses resulting in membranes which
can be operated at ultra-high current (power) levels. This behavior is presented in
Figure 1 along with the state-of-the-art performance characteristics for a commer-
cially available fuel cell membrane manufactured by DuPont under the tradename
Nafion ®. As can be seen from the data, the Dow materials can generate substantially
higher current densities than systems utilizing the guPont material. The voltage
losses which appear to be great at 3500 amps/ft¢ (3771 amps/cmé) are actually a
result of using high resistant cell plates and hardware. It is approximated that the
loss due to the cell hardware is close to 200 mv. S

Although the membrane is capable of higher current Tlevels, the attractive character-
istic and one which will be critical for long Spacg flights is the higher voltage at
the lower current densities, i.e., 100 - 500 amp/ft¢. This enhanced voltage 1is a
direct result of the reduced internal resistance of the membrane which is attributed
mainly to the high sulfonic acid ionic content responsible for proton transport. The
advantages of such a higher voltage are many, but the most important is an increase
in the total electrochemical efficiency.

The Dow membrane is based on chemistry which leads to a reduced mass in the side-
chain which is bonded to the long CFp backbone. Presented in Figure 2 is the chemis-
try for the synthesis of the monomer and the copolymerization step with the tetra-
fluoroethylene; while in Figure 3, the resultant structure is depicted. Also pre-
sented in Figure 3 for comparative purposes is the structure of DuPont’s Nafion.

The membrane properties pertinent for fuel cell operation are tabulated in Table 1
for the Dow fuel cell membranes. Such characteristics as ionic conductivity, water
permeability, gas permeation, and properties related to mechanical strength are
Tisted. The data presented in the table covers a range rather than single data
points because, at this time, Dow has prepared numerous membranes of different ion
exchange capacity which all have been successfully tested in fuel cell operation.

Fuel Cell Test Results s

The hardware used during the membrane performance tests is a modified version of ths
cell presented in Figure 4. The hardware utilizes carbon/Kynar plates with a 50 cm
active area. There is a heat exchanger on each side of the reactor compartment and
an internal humidification compartment.

Presented in Figure 5 is a polarization curve of the membrane previously described.
As can be seen from the figure, the membrane is capable of operating at high effi-
ciencies at low current densities or lower efficienc%es at hig curreat densities.
The resistance in the ohmic region is .220 ohm-cm¢ (2.37X10°% ohm-ft¢). This data
contains the resistance of the package and therefore is not an IR free number. It
should also be pointed out that the polarization data at each point was recorded only
after the system appeared to reach equilibrium at the given current density. Figure
6 is % plot of the same data as Figure 5 but expanded in the region of 0 to 500
amps/fte.

116

[N TSN



Although steady-state performance can be achieved at any current density demonstrated
in the polarization data Sf Figure 5, the voltage of the cell vs. time at a single
current density (200 amps/ft¢) for a relatively short period of operation is pre-
sented in Figure 7. These data include predetermined shut-down periods on a daily
basis. As can be seen from the plot, the voltage over the time element investigated
was invariant.

Current interrupting was carried out in order to determine the electronic resistance
effects of the hardware and remaining ionic resistance and over-voltage of the wmem-
brane and electrode package. The tests were carried out at 100 amps/ft‘ (and Tess)
due to a limitation in the interrupting switching device. A typical result of the
tests is depicted in Figure 8 for the current membrane under study. As can be seen
from the data presented in the figure, the IR free component is approximately 15 mv
at this current density and was measured at approximately 50 microseconds after the
current _break. This transiates to an interaa] resistance of 3 milliohms at 100
amps/ft2 (5 total amps) or .15 ohms-cm¢. When the IR free voltage (.933) at 100
amps/ft2 is subtracted from the open circuit potential (1.05 V) the resulting voltage
due to the membrane, membrane/electrode, and electrode overvoltages, amounts to
approximately 117 millivolts. In order to determine the package ohmic contribution,
the ce}] resistance is sub%racted from the slope data. Such a calculation yields .07
ohm-cmé {.222 - .15 ohm-cm¢). A 1ist of IR free values vs. at current densities
between 25 and 100 amps/ft2 are presented in Table 2.

In order to determine the response times for the membrane and electrode assembly in
the Dow hardware utilizing a Dow perfluorosulfonic membrane, a series of tests was
carried out not unlike the above whereby the current was "interrupted" numerous
times. In these tests, the cell was allowed to reach equilibrium at the desired cur-
rent density prior to the interruption. The cell voltage was monitored as a function
of time and recorded (Figure 9) during each interruption. As can be seen from the
data, the time required to shut the electronic component of the cell off was on the
order of 50 microseconds. Such a rapid shut-down rate should be construed to be an
advantage from an operating (safety) point of view.

In addition to proceeding from a power producing mode to open circuit, the response
times were also monitored for when the system is at_open circuit and then dropped
across a resistance to generate the 100 amps/ft¢. The results of these tests are
essentially identical to those when the current path was opened, both in behavior as
well as response time.

For a power device to be practical the cell response time must be fast and efficient
and without the generation of transients. In both of the above response time tests,
the time required to reach various percentages of full power are presented in Table
3. In all cases, it is seen that the time to reach full "on" power was short, but in
all cases 90% of full power was achieved within 80 milliseconds.

Finally, since the fuel cell was turned off and on several times throughout the test,
it is important to demonstrate the reliability and resiliency of the PEM system by
presenting polarization data after such system upsets. The series of polarization
curves generated throughout the week-long run was carried out in order to determine
if changes were occurring to the membrane/electrode assembly. Presented in Figure 10
is a series of current-voltage sweeps (IR included) taken at the times Tlabeled on
each curve. After the numerous on-off cycles, as determined from the polarization
behavior, no apparent degradation was taking place.

117



CONCLUSIONS

The results of tests utilizing a new experimental membrane useful in proton-exchange
membrane fuel cells were presented. The high voltage at low current densities can
lead to higher systems efficiencies while, at the same time, not sacrificing other
critical properties pertinent to membrane fuel cell operation. A series of tests to
determine response times indicated that "on-off" cycles are on the order gf 80 milli-
seconds to reach 90% of full power. The IR free voltage at 100 amps/ft< was deter-
mined gnd the results }ndlcatlng a membrane/electrode package resistance to be .15

ohm-cm¢ at 100 amps/ft
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FIGURE 7
VOLTAGE VS. TIME (HRS)
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TABLE 1
MEMBRANE PROPERTIES

IONIC CONDUCTIVITY .1 - .2 (OHM—CM)~-1
TENSILE STRENGTH 2500 — 4000 PSI

WATER UPTAKE 38 - 60% .
WATER PERMEABILITY 4.5 x E-2 CC/(CM2°SEC)

GAS PERMEATION ’
HYDROGEN 5 X E-9 CC—CM/(CM~2°CM Hg*SEC)

OXYGEN 2.5 X B-9
TABLE 2

IR FREE VOLTAGE VS. CURRENT DENSITY

CURRENT DENSITY (ASF) IR FREE — CELL VOLTAGE(MV)

25 3
50 6
75 11

100 15
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TABLE 3

RESPONSE TIME VS. PERCENT FULL POWER
OPEN CIRCUIT --> 100 ASF

Z% FULL POWER TIME (MS)

10 2
20 5
30 8
40 12
50 16
60 21
70 28
80 41
80 S1
97 81

OPEN CIRCUIT VOLTAGE 1.023 V

VOLTAGE AT 100 ASF 915 Vv
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HYDROGEN-OXYGEN PROTON-EXCHANGE MEMBRANE FUEL CELLS
AND ELECTROLYZERS

R. Baldwin
NASA Lewis Research Center
Cleveland, Ohio 44135

M. Pham
NASA Lyndon B. Johnson Space Center
Houston, Texas 77058

A. Leonida, J. McElroy and T. Nalette
Hamilton Standard
Windsor Locks, Connecticut 06096

INTRODUCTION

Hydrogen-oxygen SPE fuel cells and SPE electrolyzers (products of Hamilton
Standard) both use a Proton-Exchange Membrane (PEM) as the sole electrolyte.
These solid electrolyte devices have been under continuous development for
over 30 years. This experience has resulted in a demonstrated ten-year SPE
cell life capability under load conditions.

Ultimate life of PEM fuel cells and electrolyzers is primarily related to the
chemical stability of the membrane. For perfluorocarbon proton exchange
membranes an accurate measure of the membrane stability is the fluoride loss
rate. Millions of cell hours have contributed to establishing a relationship
between fluoride loss rates and average expected ultimate cell Tife. Figure 1
shows this relationship. Several features have been introduced into SPE fuel
cells and SPE electrolyzers such that applications requiring > 100,000 hours
of 1ife can be considered.

Equally important as the ultimate Tife is the voltage stability of hydrogen-
oxygen fuel cells and electrolyzers. Here again the features of SPE fuel
cells and SPE electrolyzers have shown a cell voltage stability in the order
of 1 microvolt per hour. That level of stability has been demonstrated for
tens of thousands of hours in SPE fuel cells at up to 500 amps per square foot
(ASF) current density. SPE electrolyzers have demonstrated the same stability
at 1000 ASF.

Many future extraterrestrial applications for fuel cells require that they be
self recharged (i.e., regenerative fuel cells). This requirement means that a
dedicated fuel cell and a dedicated electrolyzer work in tandem as an
electrical energy storage system. Some applications may find advantages with
a unitized regenerative fuel cell (i.e., one cell that operates alternately as
a fuel cell and as an electrolyzer). Electrical energy storage for earth
orbits via hydrogen-oxygen regenerative fuel cell systems can have specific
energies in excess of 50 watt-hours/kg (Ref. 1). For extraterrestrial surface
electrical energy storage the hydrogen-oxygen regenerative fuel cell can have
significantly increased specific energies:

- Mars Base ~ 500 Watt-hours/kg
- Lunar Base ~ 1000 Watt-hours/kg (Ref. 2)
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To translate the proven SPE cell 1life and stability into a highly reliable
extraterrestrial electrical energy storage system, a simplification of
supporting equipment is required. Static phase separation, static fluid
transport and static thermal control will be most useful in producing required
system reliability. Although some 200,000 SPE fuel cell hours have been
recorded 1in earth orbit with static fluid phase separation, no SPE
electrolyzer has, as yet, operated in space.

Under NASA sponsorship a flight experiment of a unitized regenerative fuel
cell is being studied. If selected for actual flight under the NASA O0AST
Outreach Project, several advanced features will be tested in space.

The objective of the flight experiment is to test the space viability of the
incorporated features, and not to imply that the specific configuration of the
flight experiment is optimum for any given extraterrestrial application. With
a successful flight experiment, supported by terrestrial experiments, the
system designer can select the proven advanced system features that are
appropriate for any particular extraterrestrial application.

[ IMATE L LIFE

The ultimate life of PEM fuel cells and electrolyzers, based on fluoride loss
rate, assumes that the cell, stack and system designs are configured to
prevent premature mechanical failures. With the elimination of mechanically
induced failure, the fluoride loss rate has been found to be an excellent
measure of the health and life expectancy of PEM cells.

The fluoride lost from the PEM cell is actually a degradation product of the
perfluorocarbon membrane. It should, therefore, not be surprising to find the
fluoride loss/ultimate 1ife relationship. The Figure 1 relationship was
primarily based on PEM cells using perfluorocarbon membranes in the 8 to 12
mils thickness range. The Figure suggests that perfluorocarbon membranes of
less than 8 mils will have a similar ultimate life with a proportional loss of
fluoride. This, of course, will only be verified when a large number of cells
containing advanced thin perfluorocarbon membranes have accumulated
substantial Tifetimes. :

The fluoride loss rate determination for non-evaporatively cooled PEM fuel
cells can be directly measured in the 1liquid product water. Fluoride
detection at the low ppb range can be made directly, while detection at the
ppt range is accomplished by concentration techniques. To put the Figure 1
curve into everyday calibration, the following PEM fuel cell example is
offered:

cell Cf teri —!"'.

Membrane Thickness - 10 mils 7
- Current Density - 500 Amps per Square Foot (ASF)
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Life Prediction Vs. Fluoride in Product HZQ

1,000 hours - 2 ppm
10,000 hours - 200 ppb
100,000 hours - 20 ppb

The fluoride loss rate determination for 1liquid anode feed PEM electrolyzers

can be directly measured in the open loop "proton" water. The following PEM
electrolyzer example is offered:

Cell Characteristics

Membrane Thickness - 10 mils
Current Density - 1000 ASF

life Prediction Vs. Fluoride in ProtongﬂzQ

1,000 hours - 140 ppb
10,000 hours - 14 ppb
100,000 hours - 1.4 ppb

Since long life of PEM cells has been inversely equated with fluoride loss
rate, the designer can quickly determine the suitability of a given
configuration for a particular application. Each manufacturer of PEM cells
- undoubtedly has his own proprietary techniques for the control of fluoride
release rate.

SPE fuel cell and electrolyzer designers incorporate proprietary features into
system configurations for extended life. One such demonstration SPE cell is
within seven months of reaching 100,000 hours of high current density
operation. Figure 2 displays this cell as it passed the ten year mark in May
1988. Two additional SPE test cells have accumulated over ten years of
"uninterrupted" operation since the May 1988 milestone.

CELL VOLTAGE STABILITY

The voltage stability of PEM fuel cells and electrolyzers is a second very
important feature for many applications. Experience has shown that features
that provide a long cell life, as indicated by low fluoride release rates, do
not necessarily equate long cell life with stable voltage. This is indeed
unfortunate, as it makes it next to impossible to predict the long term
voltage stability of a cell design from short-term tests.

In earlier SPE cell designs a reasonable voltage-change rate would
unexpectedly turn to a high voltage-change rate. When unpredicted mechanisms
were identified and corrective measures taken, the level and Tlongevity of
voltage stability improved. As one might imagine, the test, analysis,
corrective action and retest cycles have taken many years to obtain the
current level of voltage stability.

Figure 3 shows the voltage stability, as measured by voltage-change with time,
of six SPE test units. The baseline configuration for SPE electrolyzers and
SPE fuel cells is represented by SPE electrolyzer C and SPE fuel cell E. Both
of these units have a voltage-change rate of 1 microvolt/cell hour at 1000 ASF
and 500 ASF, respectively.
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SPE electrolyzers A and B purposely deviate from the baseline configuration
for application specific reasons. Both of these units represent a voltage-
change rate of 7 microvolts/cell hour. This voltage-change rate is perfectly
acceptable for the intended applications (i.e., electric utility hydrogen
generation and nuclear submarine oxygen generation).

Like the SPE fuel cell baseline E, SPE fuel cell D displayed a voltage-change
rate of 1 microvolt/cell hour. The unit D configuration, formally considered
the SPE fuel cell baseline, is limited in current density. SPE fuel cell F
had a voltage-change rate of 6 microvolts/cell hour and represents an earlier
configuration which was part of the development data base leading to the
present SPE fuel cell baseline,

The configurations of the baseline SPE electrolyzer and SPE fuel cell consist
of a combination of patented and proprietary features. Each PEM electrolyzer
and PEM fuel cell manufacturer will have their own features which, like the
SPE devices, will have to be verified by the Tife test process.

EXTRATERRESTRIAL APPLICATIONS

Many of the future extraterrestrial applications for hydrogen-oxygen fuel
cells and electrolyzers involve combining the two devices to produce the
equivalent of a battery for electrical energy storage (see Figure 4). The so
called regenerative fuel cell has the distinct advantage over traditional
batteries in that power and energy are separated. One needs only to increase
reactant storage, without increasing the reactor stack(s), to increase the
stored energy. The results of this distinction is that the mass advantage of
typical advanced batteries 1lose out to regenerative fuel cells when the

discharge time is increased beyond a few tens-of-minutes.

Energy storage system sizing has been examined for a variety of extra-
terrestrial applications. The most favorable application of the
hydrogen-oxygen regenerative fuel cell is the lunar base application because
of the long charge/discharge time span. The studies have indicated the next
best available energy storage technology (NaS battery) is more than ten times

as massive as the hydrogen-oxygen regenerative fuel cell system.

The state-of-the-art of the hydrogen-oxygen regenerative fuel cell is not
without disadvantages. Even considering the demonstrated lifetime and voltage
stability of the SPE devices, the questions of efficiency and complexity must
be considered.

The energy-out-to-energy-in ratio range generally accepted for state-of-the-
art hydrogen-oxygen regenerative fuel cells is 55% to 65%. Advanced batteries
operating at 75% energy storage efficiency or greater have the clear advantage
in this characteristic. The primary reason for the lower hydrogen-oxygen
regenerative fuel cell energy storage efficiency is related to electrode
performance. Years of research have been invested to improve low-temperature
electrode performance with only minor increases observed. Without a
breakthrough in low-temperature electrode performance,the lower efficiency of
the state-of-the-art low-temperature hydrogen-oxygen regenerative fuel cell is
fundamental.
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The efficiency of the hydrogen-oxygen regenerative fuel cell results in a
greater energy input requirement for a fixed output when compared to advanced
batteries. In the case of a photovoltaic power source, this means an increase
in the size of the solar array. However, as charge times increase this
differential mass becomes insignificant. An order-of-magnitude lower mass for
the overall lunar base power system based on the hydrogen-oxygen regenerative
fuel cell, as compared to advanced batteries, is still projected even when
including the state-of-the-art photovoltaics.

Although the efficiency disadvantage of the hydrogen-oxygen regenerative fuel
cell turns out to be insignificant in most extraterrestrial applications, the
complexity of state-of-the-art regenerative fuel cells is much greater than
most advanced batteries. The very feature that gives the hydrogen-oxygen
regenerative fuel cell its significant mass advantage is responsible for its
complexity. The complexity arises primarily due to the storage of reactants
and products external to the reactors. These state-of-the-art complexities in
hydrogen-oxygen regenerative fuel cells include:

- Fuel cell product water removal from the reactant chamber by dynamic
reactant recirculation.

- Dynamic separation of the fuel cell product water from the reactant.

- Pumping electrolysis process water up to gas generation pressure.

- Temperature-controlled fluid recirculation in both fuel cells and
electrolyzers.

- Separate dedicated fuel cells and electrolyzers.

In total, the state-of-the-art hydrogen-oxygen regenerative fuel cell system
would use in the range of 4 to 6 rotating devices, not including redundancy,
to provide fluid transport and/or phase separation. Additionally, on the
order of twice as many individual cells would be required as would be needed
for advanced batteries, simply because the batteries operate both in charge
and discharge modes. The complexity, in terms of dynamic components and the
large piece-part count, with double the number of cells, relegates the
state-of-the-art hydrogen-oxygen regenerative fuel cell to a lower reliability
than the more massive batteries.

The reliability of the hydrogen-oxygen regenerative fuel cell can be increased
by component redundancies. This approach diminishes the mass advantage and
adds to the system complexity. Our approach, of a unitized (reversible)
hydrogen-oxygen regenerative fuel cell with static fluid and thermal control
features, can improve reliability and reduce complexity, which further
improves the mass advantage over advanced batteries.

SYSTEM SIMPLIFICATIONS

With complexity and Tlower reliability identified as the major concerns in
hydrogen-oxygen regenerative fuel cells, manufacturers have begun to respond
with a variety of approaches. In particular, SPE fuel cell and SPE
electrolyzer designs are being directed toward reduced complexity. Specific
developments include:

- Reversible SPE cell

- Passive fuel cell product water separation and removal
- Passive electrolyzer process water introduction

- Passive electrochemical gas pumping

- Passive heat management
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Separate dedicated SPE fuel cells and SPE electrolyzers came into favor
several years ago due to higher overall energy storage efficiency. It is true
that in reversible SPE cells, the preferred SPE fuel cell catalyst results in
poor electrolyzer performance and the preferred SPE electrolyzer catalyst
results in poor SPE fuel cell performance. Compromise catalyst systems have
been developed which bring the overall energy storage efficiency within 5% of
the dedicated configuration. Figure 5 shows performance curves for these
various configurations. '

A specific application may find the 5% efficiency reduction as an acceptable
trade for simplicity and mass reduction. Alternately, if the application
dictates, by trade study, that discharge efficiency is of prime importance, a

10% energy storage efficiency reduction may be preferred while using optimized
fuel cell catalyst. :

Passive fuel cell product water separation and removal from the reactor stack
in microgravity is certainly not a new idea. Both the Gemini and Biosatellite
SPE fuel cells operated with passive wicking product water systems. These

systems, however, operated only at low current densities with higher mass and
volume structures.

Recent developments in passive water separation and removal from SPE fuel
cells have involved separation of the liquid product water from the gaseous
oxygen within the cell structure (Ref. 3). This approach, shown in Figure 6,
eliminates the need for wicking and uses a hydrophilic separator plate in the
oxygen cavity. Testing of this configuration has been very successful to date
with operation demonstrated against gravity (i.e., product water separated
upward from the cathode electrode). Figure 7 displays the performance of an

SPE fuel cell with the passive product water removal feature operating against
gravity.

The passive water vapor feed SPE electrolyzer developed during the seventies
used a hydrated jon-exchange membrane to feed water vapor to the operating
cell. This cell structure (shown in Figure 8) eliminated the need for
separating liquid water from the products. However, close control of the
water pressure was required. If the water pressure was significantly higher
than hydrogen pressure, water hydraulically passed through the water feed
barrier and exceeded the electrolysis rate. Conversly, if the water pressure
was below the hydrogen pressure, an accumulation of hydrogen in the water feed
chamber by normal diffusion resulted in water starvation.

Recently, an inovative feature has been incorporated into the passive water
vapor feed SPE electrolyzer. This feature allows the water pressure to be
well below hydrogen pressure without the concern of hydrogen buildup in the
water feed chamber. The feature consists of electrifying the water feed
membrane in order for it to function as an electrochemical hydrogen pump (Ref.
4). Figure 9 shows the electrification of the water feed membrane. The
fraction of a watt required for each cell is considered a small penalty to pay
for the elimination of the requirements for pumping water up to pressure and
maintaining close pressure control.

The electrochemical hydrogen pump allows the water to be fed to the cell at
any source pressure down to the cell water vapor pressure without any
mechanical pumping. Figure 10 shows the water vapor feed SPE electrolyzer
performance with water pressure 160 psi below hydrogen generation pressure.
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Several thousand cell hours have now been accumulated on electrolyzer cells
supported by the use of electrochemical hydrogen pumps.

The simplifying features described herein have all demonstrated successful
operation in ground testing. Although passive fluid phase separation was
successfully used in the Gemini and Biosatellite SPE fuel cell systems, none
of the described simplifying features have actually flown in space.

THE FLIGHT EXPERIMENT

The planned unitized regenerative SPE fuel cell experiment makes use of the
proven life and voltage stability features as well as the simplifying aspects.
A basic fluid schematic of the flight experiment is shown in Figure 11. This
figure shows one of several experiment options studied. If selected, the
experiment will fly on a future Shuttle mission in a simulated low earth
orbit energy storage configuration. The potential one week experiment should
be of ample 1length to assess the performance of the various system
simplification aspects.

During the experiment discharge cycle, hydrogen gas and oxygen gas are
delivered to the reversible cell on a purely demand basis. The reversible
cell converts these reactants into dc power with a current output of
approximately 100 ASF. The product water, formed within the oxygen chamber as
a liquid, contacts the porous plate. The spring bellows in the oxygen/water
storage tank creates a pressure differential across the porous plate (0, >
H,0) of about 1 psi. The 1 psi is more than sufficient to force the proJLct
water through the hydrophilic porous plate at the generation rate, but, not
nearly high enough to allow passage of oxygen gas.

The product water will be saturated with oxygen, and some small bubbles of
oxygen gas will appear as the water pressure decreases by 1 psi as it passes
through the porous plate; some oxygen will come out of solution. As this
water passes through the water chamber of the water vapor feed barrier
membrane, the oxygen gas and dissolved oxygen are converted to water at the
positive electrode of the hydrogen pump. This oxygen is chemically consumed
by combining with the diffusing hydrogen that otherwise is electrochemically
pumped back to the hydrogen chamber. The water eventually delivered to
storage is essentially free of dissolved gases. This is an important feature
as the system pressures alternate up and down through the charge/discharge
cycles.

At the end of the discharge period the preésures in the reactant storage tanks
are at the reduced level and a load contactor is opened. This is followed by
closing a power contactor to supply charge power to the reversible cell.

In the electrolysis charge mode, water vapor is fed to the operating
electrolysis cell across the hydrogen compartment gap. Hydrogen and oxygen
gases are delivered to their respective tankage and the system pressures rise.
An accumulation of water in the reactant storage tankage is prevented by
thermally matching the tankage with the operating cell and the fact that the
produced gases are in fact subsaturated.
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The electrochemical hydrogen pump milliwatt power draw continues through both
the charge and discharge modes. This assures that hydrogen gas does not block
the flow of water, and it also provides an actual measure of the amount of
oxygen consumed during the discharge water desaturation step.

The entire experiment will be cold-plate mounted. Heat generated within the
cell hardware is conducted to the base plate. Figure 12 is a photograph of
the experimental hardware mock-up.

SUMMARY

In summary, a flight experiment 1is planned for the validation in a
microgravity environment of several ground proven simplification features
relating to SPE fuel <cells and SPE electrolyzers. With a successful
experiment these features can be incorporated into the designs of equipment
for specific extraterrestrial energy storage applications.
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ELECTROCATALYSIS FOR OXYGEN ELECTRODES IN FUEL CELLS AND
WATER ELECTROLYZERS FOR SPACE APPLICATIONS

Jai Prakash, Donald Tryk and Ernest Yeager
Case Center for Electrochemical Sciences
and the Chemistry Department
Case Western Reserve University
Cleveland, Ohio 44106

The lead ruthenate pyrochlore PboRupOg 5 in both high and low area forms has
been characterized using thermogravimetric analysis, X-ray photoelectron spectro-
scopy, X-ray diffraction, cyclic voltammetry and O3 reduction and generation
kinetic-mechanistic studies. Mechanisms are proposed. Compounds in which part of
the Ru is substituted with Ir have also been prepared. They exhibit somewhat
better performance for 07 reduction in porous gas-fed electrodes than the unsub-
stituted compound. The anodic corrosion resistance of pyrochlore-based porous
electrodes was improved by using two different anionically conducting polymer
overlayers, which slow down the diffusion of ruthenate and plumbate out of the
electrode. The 09 generation performance was improved with both types of elec-
trodes. With a hydrogel overlayer, the O reduction performance was also improved.

INTRODUCTION

In most instances separate electrocatalysts are needed to promote the reduction
of 0y in the fuel cell mode and to generate Oy in the energy storage- water
electrolysis mode in aqueous electrochemical systems operating at low and moderate
temperatures ( T < 200 ©°C). This situation arises because, even with relatively
high performance catalysts, the Oy reduction and generation reactions are still
quite irreversible with much overpotential. The potentials of the 09 electrode in
the cathodic and anodic modes are separated by typically 0.6 V and the states of the
catalyst surface are very different. Interesting exceptions are the lead and bis-
muth ruthenate pyrochlores in alkaline electrolytes. These catalysts have high
catalytic activity for both Oy reduction and generation (1-6). Furthermore,
rotating ring-disk electrode measurements provide evidence that the 09 reduction
proceeds by a parallel four-electron pathway (6). The ruthenates can also be used
as self-supported catalysts to avoid the problems associated with carbon oxidation,
but the electrode performance so far achieved in our laboratory is considerably
less.

At the potential involved in the anodic mode the ruthendte pyrochlores have
substantial equilibrium solubility in concentrated alkaline electrolyte. This
results in the loss of catalyst into the bulk solution and a decline in catalytic

*This work was supported by the NASA-Lewis Research Center under Contract No.
NAG3-964.
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activity. Furthermore, the hydrogen generation counter electrode may become
contaminated with reduction products from the pyrochlores (lead, ruthenium).

A possible approach to this problem is to immobilize the pyrochlore catalyst
within an ionically conductive solid polymer, which would replace the fluid electro-
lyte within the porous gas diffusion O electrode. For bulk alkaline electrolytes,
an anion exchange polymer is needed with a transference number close to unity for
the OH™ ion. Such a membrane may not block completely the transport of the lead and
ruthenium, which are expected to be in complex anionic forms. Preliminary short
term measurements with lead ruthenates using either 1) a partially fluorinated anion
exchange membrane as an overlayer on the porous gas-fed electrode or 2) a hydrogel
coating on the porous electrode indicate lower anodic polarization and similar
cathodic polarization. With the hydrogel coating, there is also some enhancement of
the performance at higher current densities.

EXPERIMENTAL

The pyrochlores were synthesized at CWRU using the alkaline solution technique
of Horowitz et al (3). Samples of PbyRuy0¢ 5 and Pbp[Ruj g7Pbg 33]0g 5 were also
provided by Exxon. This method involves the reaction of the appropriate metal
cations by precipitation and subsequent crystallization of the precipitate in a
liquid alkaline medium (4 M KOH) in the presence of 09 at ~75-90°C. The salts used
were Ru(NO) (NO3)3, in aqueous solution, 1.5 % (w/v) from Strem, IrCl3-3H50
(Aldrich, Gold label) and Pb(CH3C00)7-3Hy0 (MCB, reagent grade). The salts were
added in the appropriate amounts to achieve the desired stoichiometries. The
reactions were carried out for 24-72 h, until the supernatant solution was free of
detectable amounts of the reactant metal ions. The suspension was filtered and
washed with water and glacial acetic acid. The X-ray diffraction (XRD) was measured
after a heat treatment (HT) in air at 300-350°C for 12 h. 1In some cases XRD was

also run prior to the HT.

Thermogravimetrlc analysis was performed on a Perkin-Elmer 7 Series Thermal
Analysis System with 07 and Ny purges at a temperature ramp rate of 15°C min-l. X-
ray photoelectron spectroscopy was obtalned u31ng a Varian IEE- 15 instrument.

A modification of the ring-disk electrode (RRDE) technique was used in which
a thin PTFE-bonded porous coating of the pyrochlore was applied to a basal plane
pyrolytic graphite disk, which was slightly recessed. PTFE suspension (Teflon T30B,
Du Pont) was diluted w1th water and ultrasonically agitated with the pyrochlore and
filtered with a 1 um pore size polycarbonate filter membrane (Nucleopore) The

resulting mixture was 5 wt % in PTFE solids. The semi-moist paste was kneaded with a

spatula and then applied to the disk (either 0.196 or 0.45 cm?) and spread evenly.
Excess material was carefully removed from the edge of the disk. The layer was not
allowed to dry in order to avoid cracking of the layer and was placed in the
electrolyte solution. The amount of pyrochlore in the layer was determined after

the experiment by First washing it in water, removing it, drying and weighing. The
typical loading was 4-6 mg cm?. The Au ring had a collectlon efficiency N of 0.177.
The Teflon electrochemical cell had separate compartments for the working RDE or
RRDE electrode, counter electrode (Au) and reference electrode (Hg/HgO, 1 M OH™).

The KOH solutlon was prepared from the solid (Fluka, puriss., p.a.) by dilution
with triply distilled reverse osmosis water.
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Porous gas-fed electrodes were fabricated as follows. Teflon T30B suspension
was diluted approximately to 2 mg cm-3 in water and slowly added to an aqueous
suspension of 38 mg of pyrochlore and 35 mg of air-oxidized (-1 h at 600°C)
Shawinigan black (Chevron Chemical Co., Olefins and Derivatives Div., Houston,
Texas). The suspension was filtered using a lum pore size filter membrane. The
resulting paste was kneaded with a spatula until slightly rubbery, shaped into a
1.75 cm diameter disk in a stainless steel die using hand pressure and then pressed
at a pressure of ~100 kg cm-2. The disk was applied to a 0.5 mm thick disk of
Teflon-carbon black hydrophobic backing material containing silver-plated nickel
mesh (Electromedia Corp., Englewood, NJ). A final pressing was done at ~300 kg
cm 2 at room temperature and then the disk was heat-treated at ~280°C for 2 h in
flowing helium.

In some cases a 1.75-cm diameter disk of a partially fluorinated anion exchange
membrane material (Type 4035, RAI, Haupgage, NY) was pressed onto the electrolyte
side of the electrode at 200 kg cm"%. In other experiments a mixture of
poly(dimethyldiallylammonium)chloride (DMDAAC, 15 wt % in aqueous solution, Poly-
sciences) and Nafion 117 (5 wt% in alcohol solution, Aldrich) was diluted by a
factor of 6 by volume and painted onto the electrolyte side of the porous electrode
and allowed to air-dry. The resulting hydrogel film was ~1.5 mg em=2.

The porous gas-fed electrode was placed in a special screw-cap-type
Kel-F holder which holds the electrode vertically between a Pt foil current
collector on the gas-side and a polyethylene-polypropylene rubber gasket on the
electrolyte side. A stream of either air or 0p was directed at the back of the
electrode. The area exposed to the electrolyte was 0.97 cm?. The Oy reduction
measurements were performed galvanostatically in 5.5 M KOH at 25°C with a fast-
action potentiostat (BC-1200, Stonehart Associates) using the current interruption
method to correct for solution-phase IR drop external to the gas-fed electrode.

RESULTS

Using the alkaline solution technique, a sample of PbpRuj0g 5 was prepared with
a reasonably high area (~35 m? g'l ) and some evidence of crystallinity (X-ray
diffraction) even without further heat treatment. After heat treatment at ~350¢°c¢,
the X-ray diffraction became very well resolved. This result is important because
heretofore it has been assumed that in order to achieve high surface areas, it is
necessary to prepare the lead ruthenate with some substitution of the Ru with Pb (7-
8). Such "lead-rich" compounds are known to exhibit decreasing stability as the
amount of substitution increases (1). The 0y generation behavior of this
PboRugOg 5 sample was significantly better than for other lower area samples of the
same stoichiometry that were examined with gas-fed electrodes.

Further characterization studies for PbgRuj0Og 5 are in progress in which the
effect of the heat treatment is being examined. The thermogravimetric analysis
(TGA), for example, indicates that ~0.8 moles of water are present before any heat
treatment and are mostly removed at 800°C. The X-ray photoelectron spectra
(XPS), however, did not show discernable changes in peak shapes or binding energies
for Ru, Pb and O over the temperature range 100°C to 500°C, in which most of the
water is lost.
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Cyclic Voltammetry

The cyclic voltammetry (CV) for the PbjRugOg 5 thin porous coating is very
complex. There is a large, gradually increasing anodic current on which are super-
imposed several small peaks (Fig. 1, a-e). On the back sweep there is a large
cathodic peak. The charge under this peak (2.7 x 10-2 ¢) corresponds to ~12 % of
the total possible charge expected for a single electron transfer to each Ru atom in
the coating (~0.8 mg or 1.1 x 10° 6 mol, yielding 0.214 C). From the crystal struc-
ture (9), there are 4 Ru atoms exposed on_the face of each unit cell, whose edge is
10.253 A. This corresponds to ~6.3 x 10~ 10 mol em-2. The BET area of the
PboRujp0g 5 sample used for the CV experiment was 6.0 m2 g-1. Therefore, for a 0.8
mg sample the surface area was ~ 48 cm?, corresponding to 3.02 x 10-8 mol or 2.9 x
10-3 ¢ for a l-electron process for surface Ru atoms only. This value is one order
of magnitude less than the observed charge of 2.7 x 10-2 C. One possible explana-
tion is that ~10 monolayers are involved in a l-electron process. On the other
hand, for the valence states (Pb +)2(Ru4 5+)2(02 )6.5, the following oxidation
processes are possible over the potential range:

2 Pb2+ —_— 2 Pbh4t

2 Ru4:5t M— 2 Rub*

for a total of 7 electron transferred. This would still account for ~1.5 monolayer,
if all 7 electrons are involved. Therefore, it appears that the overall process
involves mot only the surface but also the bulk (1.5 < x < 10 monolayers) of the
material. If the process is indeed a l-electron process, it may be assigned to the
Ru(IV)/Ru(V) transition proposed by Edgell et al (2). The existence of the smaller
peaks has not been explained thus far but may involve Ru atoms on the surface of the
oxide undergoing successive electron transfers with both Pb and Ru going to higher
valence states.

Oxygen reduction

The polarization curves for 09 reduction on a thin porous coating of PboRup0Og 5
at a series of rotation rates are shown in Fig. 2. The corresponding ring currents
for peroxide oxidation are very small, reaching a maximum of only ~5 % of the disk
current (corrected for N) at the most negative potentials. '

Kinetic analysis of the ring-disk results using the method of Wroblowa et al.
(10) would lead to the conclusion that the 09 reduction is proceeding via
the direct 4-electron pathway to OH-. In addition, the slopes of the i-1 vs,
£-1/2 plots (where f = rotation rate) correspond to an overall number of elec-
trons belng transferred of ~3.8. The porosity of the electrode causes compllcatlons
in the interpretation of the data however. For example, if a catalyst is a good - _
peroxide decomposer, it can appear that the 0Oy reduction is proceeding by a direct
4-electron pathway even though the reaction is proceeding by a series pathway, with
09 reduction to peroxide as the first step, followed by peroxide decomposition.

Overall this would yield 4 electrons. The reason for the possible confusion is that
the peroxide requires a relatively long time to diffuse out of the porous layer and
during this time has a good opportunity to decompose. Even so, the significant
potential range over which there is negligible peroxide picked wup at the ring
rather strongly indicates a 4-electron process.
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Tafel plot of the mass-transport corrected currents for £ = 2500 rpm in the
potential range of +0.06 to -0.08 V is shown in Fi%. 3. A linear relationship is
obtained with a Tafel slope of -0.063 V (decade) *. This suggests a non-charge
transfer step as rate determining following a fast outer-sphere electron transfer,

Oxygen reduction studies were also carried out over the pH range 11.9 to 13.9
keeping the ionic strength constant. The currents for 09 reduction increased with
decreasing concentration of OH". The half wave potential also became increasingly
positive. The slopes of the mass transport-corrected Tafel plots were also almost
identical over the above pH range. A reaction order of -0.5 with respect to OH~
concentration over this pH range was observed. This result together with the Tafel
slope of -0.06 V (decade)'1 is consistent with the following mechanism for 07
reduction on the PbpRup0g 5 pyrochlore.

Ruf+~ - Ru3+
( S OH- + e- _— ( + OH- (Fast)
RUZH" il RulH—

3+ e -

u Ru*™ — 09
(R + 09 > (Slow)
Ru4+ Ru4+

Ruft — 0o~ Ruft — 09~

+ e’ _—>

RulH‘ Ru3+
Ru4t — 09- Ru4t — 0-
( — (

Ru3+ Rubt — O-

followed by a series of further steps resulting in the overall process

+ 2e° 4 3H0 —> SOH- + 20H"

Ruft — 0 Ru®t,
(Rulk&- -_ 0" RulH'//

which would not generate solution-phase peroxide.

Oxygen generation

09 generation studies were carried out over a range of pH (11 to 14) at a
constant 1ionic strength. The catalyst was incorporated in a porous electrode
(geometric area = 4.8 cm2) using Teflon T30B as the binder with a Ni screen current
collector and heat treated at 280°C for 2 h in an inert atmosphere. The Tafel slope
at room temperature varied from 0.032 to 0.038 V (decade)’l. A reaction order of
1.0 was found with respect to OH™ concentration over this pH range. A reaction
mechanism consistent with the reaction order is proposed as follows.
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sz + OH- N (SOH) 2+ + e- (Fast)
——
k_a
kp
(SOH)Z+ _ (som)z+l 4 e- (Slow)
(SOH)2+1 OH- sz+l 0O — H --- OH-
+ — .
(SOH)Z+1 OH- z+l . § — n --- om-
sz+l Q — H --- OH" sz+ 0 HOH
. — o
z+1 d — H --- on- sz+ HOH

This mechanism is similar to the one proposed for 02 generation on RuOj electrodes
(11).

Gas-fed electrode measurements

The electrochemical behavior, including the 02 reduction and generation
activity as well as the stability in the anodic mode can be modified by substituting
a part of either the Pb or Ru with other metals. One such type of substitution
which was examined is that of Ir for Ru in the B site. Ir is expected to be more
resistent to anodic dissolution than Ru (13). The ionic radii are very similar (11)
and the lattice parameters for PbyRusOg 5 and PbyIry0¢ 5 are very similar (9).

Thus there is probably a continuous range of solid solutions possible. Horowitz et
al. mentioned that such compounds are possible to prepare using the alkaline
solution technique (7) but have not presented electrochemical results for compounds
of this type. Two compounds were prepared in our laboratory and the X-ray
diffraction indicates a single pyrochlore phase.

Although the effects on the 02 reduction are slight, they are encouraging
(Fig. 4). The effects on the 0y generation were also slight ( Fig. 5). It is not

clear at present to what extent these effects might be due to changes in the wetted
catalyst surface area.

Another approach to inhibiting the anodic dissolution of Ru is to use a
conductive solid ionomer either as replacement for the liquid electrolyte within the
porous Oy cathode or as an overlayer on the solution side of the electrode. Even
though the dissolved species are anionic, (Ru042', HPbOj, -, Pb032') they should
diffuse relatively slowly in such ionomers due to size effects. Two types of
ionomers were used in this preliminary work. The first was a partially fluorinated
anion exchange membrane (RAI 4035) as an overlayer. The second was a hydrogel
coating which consisted of a mixture of poly(dimethyldiallylammonium)chloride
(DMDAAC) and Nafion (14). The RAI membrane exhibited a definite effect in slowing
down the release of ruthenate into the solution when an electrode made from
Pby[Ruj 7Pbp. 33]06. 5 was in the O generation mode.

The pre-cast ionomer layer was not expected to have a significant effect on
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the 09 reduction and this turned out to be the case (Fig. 6). With the hydrogel
coating, however, the ionomers can come into more intimate contact with the catalyst
in the porous layer and possibly improve the performance through an increase in the
0y concentration associated with the polymer fluorocarbon backbone. A small
improvement in the performance for 0 reduction at high current densities was
observed for the hydrogel-coated electrode and this is quite encouraging (Fig. 6).
With both ionomers there was an improvement in the 0j generation performance (Fig.
7). This was not expected but can be explained by pointing out that the inhibition
of the anodic dissolution would slow down the progressive changes in the surface
composition of the material that would occur during the dissolution.
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TAFEL SLOPE= -63 mV/DECADE
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Fig. 3. Tafel plot for O reduction on PbpRup0g 5 (thin porous coating) in 03-
saturated 1 M KOH. The current values (in mA) for 2500 rpm from Fig. 2 were cor-
rected for mass transport using Iy = 1.75 mA.

|
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Fig. 4. Polarization curves for 07 reduction with porous Op-fed (1 atm) electrodes
in 5.5 M KOH at 25°C. The electrode contained 15.8 mg cm2 pyrochlore, 14.6 mg cm~2

air-oxidized Shawinigan black and 12.2 mg cm-2 Teflon T30-B and was heat-treated at
280°C for 2 h in flowing helium.
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Fig. 5. Polarization curves for 07 generation with the porous electrodes of Fig. 4.
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Fig. 6. Polarization curves for 0y reduction with porous Op-fed (1 atm) electrodes
in 5.5 M KOH at 25°C. The preparation of the hydrogel coating for curve 2 is
described in the €text. The RAI membrane was pressed onto the solution side of the
electrode.
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OXYGEN ELECTRODES FOR RECHARGEABLE ALKALINE FUEL CELLS - I1*

L. Swette and N. Kackley
Giner, Inc.
Waltham, Massachusetts 02254

The primary objective of this program is the investigation and development
of electrocatalysts and supports for the positive electrode of moderate tempera-
ture single-unit rechargeable alkaline fuel cells. Approximately six support
materials and five catalyst materials have been identified to date for further
development.

INTRODUCTION

Viable candidate materials for moderate temperature single-unit recharge-
able alkaline fuel cells must meet the following requirements: 1] good electri-
cal conductivity (a more demanding requirement for supports than electrocata-
lysts); 2] high resistance to chemical corrosion and electrochemical oxidation
and/or reduction; 3] electrocatalysts, in addition, must exhibit high bifunc-
tional electrocatalytic activity (09 evolution and reduction). Advanced devel-
opment requires that the materials be prepared in high surface area forms, and
may also entail integration of various candidate materials, e.g., one or two
electrocatalysts distributed on a less active support material.

Candidate support materials have been drawn from transition metal carbides,
borides, nitrides (Ti, Zr, Hf, Nb) and oxides (La, Sr, Cr, Mo, W, Mn, Ni) which
have high conductivity (>1 ohm-cm'l). Candidate catalyst materials have been
selected largely from metal oxides of the form ABOy (where A = Pb, Cd, Mn, Ti,
Zr, La, Sr, Na, and B = Pt, Pd, Ir, Ru, Ni, Co) which typically have been
investigated and/or developed for one function only, either O3 reduction or 07
evolution. The electrical conductivity requirement for catalysts may be lower,
especially if integrated with a higher conductivity support. For initial evalu-
ation, materials have been purchased when available; subsequently, in-house
preparations have been attempted, to affect surface area and composition, if
necessary.

Candidate materials of acceptable conductivity are typically subjected to
corrosion testing in three steps. Preliminary corrosion testing consists of
exposure to 30% KOH at 80°C under oxygen for about 5 days. Materials that
survive chemical testing are examined for electrochemical corrosion activity;
the material is held at 1.4 V versus RHE in 30% KOH at 80°C for 15 to 20 hours.

*This work is being supported by Nasa Lewis Research Center under the
direction of Dr. William Fielder, Contract No. NAS3-24635.
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An acceptable anodic current is on the order of a few microamps/mg of material.
For more stringent corrosion testing, and for further evaluation of electrocata-
lysts (which generally show significant Oy evolution at 1.4 V), samples are held
at 1.6 V or 0.6 V for about 100 hours. The surviving materials are then physi-
cally and chemically analyzed for signs of degradation (visual examination,
electron microscopy, X-ray diffraction).

To evaluate the bifunctional oxygen activity of candidate catalysts,
Teflon-bonded electrodes are fabricated and tested in a floating electrode
configuration (Ref. 1). Many of the experimental materials being studied have
required development of a customized electrode fabrication procedure. For
preliminary testing, catalysts of interest should show <500 mV polarization
(from 1.2 V) in either mode at 200 mA/cmz. In advanced development, the goal is
to reduce the polarization to about 300-350 mV.

MATERTALS INVESTIGATED

Candidate Supports:
LaNiOj3 LiNiOy NbOy; Mo0O; WOp HfB HEN TiN ZrN ZrC

Candidate Electrocatalysts: R
PbPdOy sz(Irz_beX)O7_y Pb2(Ru2_bex)O7_y Na,Pt30y La 5Sr 5Co04
La 5Sr 5MnOj YBajCugOy PtTig30, RuTij904 RuMnj Oy RuMnyOy

Reference materials:
02 reduction
10% Pt/Au (Johnson-Matthey, 11 mz/g) .
108 Pt/Vulcan XC-72 Carbon (Johnson-Matthey, Pt: 130 mz/g)
07 evolution
Pt black (Englehard, 25 mz/g)

SOURCES OF CANDIDATE MATERIALS

Candidate materials for both catalysts and supports were purchased, if com-
mercially available in powder form, as the most efficient approach for prelimi-
nary evaluation (electrical conductivity, chemical and electrochemical stabili-
ty). Such materials offer the advantage of an economical purchase of a material
- of known purity in a quantity (5-25 g) sufficient for preliminary qualification,
and particularly for disqualification. The disadvantage is that most of the
commercially available materials have surface areas in the range from low
(<10 mz/g) to very low (<1 mz/g). Consequently, most commercial materials that
survive preliminary screening must be prepared in a higher surface area form,
in-house or by a custom fabricator, for effective evaluation as potential
catalysts and/or supports.

In many cases, especially for candidate catalysts, commercial materials
were not available. Preparation methods described in the literature, either
specific for the material or as a general model, were used when deemed appropri-
ate to the material requirements in terms of electrical conductivity, surface
area, etc,
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CHARACTERIZATION OF CANDIDATE SUPPORT MATERTALS

Candidate material preparations are typically analyzed by X-ray diffraction
(XRD) for chemical characterization. The objective of preparing fine powder
materials, however, is generally in conflict with obtaining sharp XRD patterns
(because of the line-broadening characteristic of high surface area powders);
thus the quality of these results is sometimes compromised. Firing materials
for a longer time or at a higher temperature usually increases the crystallinity
and improves XRD results, but at the expense of decreased surface area and some
uncertainty about the composition of the higher surface area material. 1In some
instances, materials of interest have been re-analyzed after extended corrosion
testing by XRD and/or scanning electron microscopy (SEM), to check for changes
in composition, reaction products and changes in morphology. SEM has also been
used occasionally to observe the particle size range of powders.

The electrical conductivity of candidate materials is estimated by compres-
sing a small volume (e.g., 0.5-1 cc) of the powder at about 12,000 psi between
metal pistons within an insulating cylinder; the resistance of the powder is
measured directly, across the metal pistons, with an ohmmeter. If the resisti-
vity thus measured is low (<5 ohm-cm), the resistance is redetermined by measur-
ing the voltage drop across the powder under the flow of sufficient current to
generate easily measured current and voltage signals. The more accurate 4-point
method of measuring resistance has not been used because of the larger sample
volume requirement.

Surface areas of candidate materials are determined by the BET nitrogen
adsorption method using a Micromeritics Flowsorb II 2300 instrument. The sam-
ples are typically'outgassed at 150°C in the vent stream of the instrument, or
at ~100°C in vacuum. All measurements reported have been made with 30% N3 in He.

A summary of the measured physical characteristics of candidate materials
is presented in Table I. As a result of these measurements, the following
materials were eliminated from further consideration due to inadequate electri-
cal conductivity: NbOy, PtTip30x, RuTijpOy, RuMnjgOy, and possibly La s5Sr sMnOj.
The La 5Sr 5Co03 sample had a very low surface area but good electrical conduc-
tivity and thus remained a candidate for further testing. The LiNiOy sample had
both low surface area and marginal conductivity; XRD analysis, however, indi-
cated a second phase of lithium carbonate (which might be leached out), conse-
quently, this material was also retained for further testing.

STABILITY TESTING

A preliminary assessment of the chemical stability of the candidate support
materials is made by exposing the as-prepared powder to 30% KOH at 80°C under an
oxygen atmosphere. Indications of chemical reaction between the support material
and the KOH are color change of the solution or powder, evolution of gas, disso-
lution of the powder, weight change, and combinations of these phenomena. After
exposure for up to 5 days, the remaining powder is filtered out and weighed to
determine weight change, if any; small weight changes (e.g., <5%) have an equal
probability of being within experimental error for the measurement (weighing,
filtering, washing, drying, weighing), and need to be evaluated in conjunction
with other observations.
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For an initial assessment of the glectrochemical stability of candidate
support materials and catalysts, the steady-state anodic current is measured in
the range of 1.0 to 1.4 V versus RHE in 30% KOH at 80°C. The powder to be
tested is blended with polytetrafluorocethylene (PTFE, DuPont type 30 TeflonIM
suspension) at about 10-20% by weight and heated to 275-325°C, to try to achieve
a suitable compromise between physical integrity and good electrolyte penetra-
tion. A pure gold mesh is used as the current collector and the electrode is
suspended vertically in solution to prevent gas bubble occlusion of the surface.
If the anodic current observed, after initiation of potentiostatic control,
drops to the microamp range, the system is allowed to equilibrate overnight; the
steady-state anodic current is then recorded. In a second stage of testing .
(~100 hours), candidate materials are subjected to higher potentials (1.6 V)
representative of oxygen evolution conditions, and lower potentials (0.6 V)
representative of oxygen reduction conditions. The latter is intended to place
electrochemical stress on the materials used in the oxide form.

The value of residual anodic current measured by these methods is not an
unequivocal indicator of electrochemical stability. A low value of anodic
current (e.g., a few microamps/mg) is necessary but not sufficient to demon-
strate corrosion resistance since the powder may passivate or delaminate from
the current collector and exhibit a deceptive value. At the other extreme, a-
high current may represent the onset of oxygen evolution rather than corrosion,
especially in the case of catalytic materials. Finally, the gold current col-
lector always exhibits a base level of anodic current (5-10 microamps/cmz).
Consequently, the anodic current values measured must be combined with other
observations such as weight loss or gain, color changes, microscopic examination
(SEM, TEM) and analysis (EDAX, XRD, etc.).

Observations on chemical stability are summarized in Table II.
Electrochemical stability measurements are recorded in Tables III and IV.

Three candidate materials were eliminated from consideration due to evi-
dence of chemical instability when the sample powders were exposed to KOH at
80°C under O2: HfB, HfN, and YBagpCu3O,. Two additional materials were elimina-
ted due to dissolution during electrochemical stress testing at 1.6 V: MoQOo and
W03. As a result of these screening tests, the following materials remain as
potential candidates for further investigation, and may be classified as
follows:

Supports:
TiN, ZxC, ZrN

Catalytic Supports:
LaNiO3, LiNiOyx, La 5S5r 5Co0j3

Electrocaﬁalyéfs:
PbPdOy, Na_ gPt304, Pb2(1r1_33Pb'67)07_y,
Pb2(Ru1_35Pb_65)07_y, RuMny Oy

TM - Teflon is a trademark of E.I. DuPont Corp.
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The following observations were made on these materials:

TiN: The coarse commercial powder 540 microns) and the low surface area
Giner, Inc. preparation (1 micron, 2.3 m“/g) appeared to be quite stable up to
1.4 V vs. RHE. The latter material, held at 1.6 V for more than 100 hours, had
a slight surface discoloration, but otherwise, showed no evidence of reaction
(e.g., no weight change). Post-test XRD analysis indicated a strong TiN
pattern (a = 4.240 angstroms), no TiOjp, and a few lines possibly due to a
silicate, phosphate or carbonate.

The higher surface area material (TiNg, Univ. of Calif.) similarly appeared
relatively stable in the chemical test (very small amount of white floc visible,
quantitative weight change measurement not successful) and anodically up to
1.4 V. Post-test XRD analysis showed a strong TiN pattern and three additional
lines that might be attributed to a phase such as potassium titanate. When the
electrode was held at 1.6 V, however, the material was largely lost, apparently
by dissolution. A gold-catalyzed TiN electrode was also found to be very reac-
tive. After electrochemical testing, the surface of the electrode had degraded
to a refractory non-conductive material. Post-test XRD analysis again showed a
second phase (much stronger) consistent with the first analysis (potassium
titanate?). Based on these results, it appears that the non-stoichiometric
TiNy (x = 0.72-0.86), although promising in terms of the high surface area
achieved, is unstable at anodic potentials. Based on other results, TiN remains
a candidate support material under investigation,

Z2rC: The commercially available material was a coarse (40 microns), low
surface area powder with about 2% Hf impurity. During the initial period of the
chemical stability test, gassing was observed; this was attributed to dissolu-
tion of the Hf impurity (weight change measurements were not successful). 1In
three repetitions of electrochemical testing, the anodic currents measured at
1.4 V were very low, 0.2 to 0.7 microamps/mg, equivalent to the background
current measured on the gold current collector. In testing at 1.6 V vs, RHE
from 50 to 100 hours, there was a visible loss of material, as well as a measur-
able weight loss (e.g., ~40%), but this could not be distinguished from physical
shedding during oxygen evolution, and there was no other evidence of reaction.
This material remains a potential candidate support under development with
emphasis on higher surface area preparations.

ZrN: The commercially available material, a coarse, low surface area
powder, also appeared to be fairly inert in all stability tests. A weight loss
of about 9% was recorded for a 14-day chemical exposure test. The anodic cur-
rent at 1.4 V was at a background level (0.2 microamps/mg) and there were no
signs of degradation after a week of oxygen evolution (1.6 V in 30% KOH at
809C). This material also remains under development primarily to produce high
surface area powder.

LaNi03: The commercial material has proven to be quite stable in all
corrosion testing. Since LaNiO3 is also catalytic (Ref. 2) oxygen evolution
currents were measured at 1.4 V vs. RHE. After extended testing at 1.6 V and
0.6 V, XRD analysis still indicated a strong, unchanged pattern for LaNiO3.
Attempts to prepare materials with surface areas greater than ~5 m2/g have been
unsuccessful to date.
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LiNiOy,: XRD analysis of the commercial sample (labeled "LiNiOy") indicates
a strong second phase of lithium carbonate. This may account for the weight
loss recorded in chemical testing. It is anticipated that a more well-defined
material will be stable, somewhat catalytic, and a potential support material.
Higher surface area in-house preparations will be investigated.

La s8r 5C003: This commercial compound was quite conductive, but very low
in surface area. It showed a 28% weight loss in the chemical test but did not
appear to be reactive (or very catalytic) at anodic potentials. Higher surface
area preparations will be attempted for further investigation as a support.

PbPdOy: The classical preparations of this material, by high temperature
firing of the mixed oxides (Ref. 10) or hydroxide co-precipitates, have general-
ly resulted in fairly non-conductive powders (Ref. 11), limiting our ability to
evaluate the material. It remains of interest because it has shown catalytic
activity on a carbon support (Ref. 11). A recent preparation by a novel method
has yielded a quite conductive material with the correct XRD pattern for PbPd0,.
In the limited chemical test performed to date, the material showed no weight
change or other signs of reaction, and will be investigated further.

Na gPt304, prepared at Giner, Inc. (Batch #1), had moderately high surface
area and good conductivity. After 17 days of corrosion testing, primarily at
1.6 V vs. RHE, there were no signs of degradation or changes in appearance (no
XRD data), and the electrode showed a similar level of anodic polarization at
200 mA/cmé (~400 mV) as a freshly-prepared electrode (~385 mV), This material
continues to show promise as a bifunctional oxygen electrode catalyst, as
discussed in the next section. ) ’ o

Pby(Iry 33Pb ¢7)07.y: In our initial investigation of this material

(Ref. 11) it was found to be unstable in 30% KOH at 80°C (e.g., 23 microamps/mg
at 1.0 V vs. RHE); at 1.6 V, the material showed substantial physical changes.
More recently, this same material was refired at 500°C. This had the effects of
improving its crystallinity and decreasing its reactivity below 1.4 V. The test
electrode survived 24 hours at 1.6 V, but delaminated from the current collector
at 0.6 V. It is anticipated that this material will be prepared in different
compositions and by alternative methods for further investigation.

Eh21591.35£h.65197-y’ prepared in several batches by a different method
(Ref. 8) than the Pb-Ir pyrochlore above, was obtained in a crystalline form at
low temperature. The resulting materials, however, were unstable under most
test conditions, as evidenced by yellow coloration of all test solutions. Heat
treating the 3rd batch of this compound at 400°C resulted in a substantial re-

duction in surface area (73 --> 30 mz/g)iéﬁdfsﬁabilfzed the compound in the
chemical test (no coloration of the solution). This material is under active
investigation.

RuMnyOy: This material has been subjected to very limited investigation to
date; it shows evidence of Instability similar to that observed for the Ru
pyrochlore discussed above. Efforts are now concentrated on stabilizing this
catalyst by thermal treatments and alternative preparations.
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OXYGEN ELECTRODE PERFORMANCE TESTING

Oxygen electrode performance testing is implemented in a floating electrode
cell (Ref. 1) in 30% KOH at 80°C using a 1 cm x 1 em electrode sample. Pure
oxygen is fed to the cell through a water presaturator. To fabricate a test
electrode, a powder sample is blended with PTFE (DuPont type 30 Teflon suspen-
sion) in the range of 15-40% by weight, as an approximate function of surface
area. The Teflon catalyst blend is then applied to a gold-plated Ni mesh with a
porous Teflon backing (l-micron pores), dried and thermally processed at 330-
360°C. It is frequently necessary to try other Teflon-catalyst compositions and
fabrication procedures to achieve an adequate balance in the hydrophobic/hydro-
philic properties of the electrode.

The testing sequence is usually an oxygen reduction polarization test fol-
lowed by an oxygen evolution polarization test, applying small potential steps
sufficient to yield a few data points in each log-decade of current density from
1 to 1000 mA/cmz. The potentials are controlled, and compensated for iR loss,
with a Princeton Applied Research model 173 potentiostat. Collecting oxygen
evolution data entails frequent interruptions to remove trapped gas bubbles.
After an oxygen evolution test, electrodes are sometimes too flooded to rerun an
oxygen reduction test. Development of an electrode structure adequate for bi-
functional operation with these candidate electrocatalysts is an independent
research task; some experience, gained in the development of Pt black bifunc-
tional hydrogen electrodes, will be beneficial to this effort.

The best performance data for each of the catalysts, as well as data for
the reference materials (10% Pt/Au, 10% Pt/C and Pt black), are shown in
Figure 1. The following observations were recorded:

RuMn»0, exhibited exceptional oxygen evolution performance, and moderate
oxygen reduction performance, in the limited testing performed to date.
Unfortunately, this batch of material was not stable, as evidenced by the red-
dish coloration of the test solutions in this test and in the earlier corrosion
tests. We are currently investigating methods of stabilizing this catalyst by
thermal treatment and/or doping.

Pbo(Ir) 33Pb 7)07.y (fired at 400°C) gave good performance at lower cur-
rent densities for both oxygen reduction and evolution, but polarized rapidly
above 100 mA/cmz, suggesting a poor electrode structure. This preparation was
also unstable as discussed under stability testing. The sample refired at 500°¢
was corrosion tested but not performance tested. Further preparation and test-
ing of this catalyst is planned.

Pby(Ruj 35Pb g5)07.y, prepared by the low temperature process described
(Ref. 8), showed from good (Batch #l1) to exceptional (Batch #3) activity for
oxygen reduction, as presented in Figure 2. All of these preparations were
unstable in KOH, however. Post-thermal treatment at 400°C (Batch #3) stabilized
the material but resulted in a loss in performance, coincident with the loss in
surface area. Oxygen evolution performance was generally very poor with the
exception of Batch #1, as shown in Figure 1. Performance of all materials was
typically transient and non-reproducible. This catalyst is still under
investigation with emphasis on stability and oxygen evolution performance.

155



Na gPt304 - Performance data for two separate preparations of this catalyst
are shown in Figure 1. The data for Batch #2 is the more recent and represents
improvements in electrode structure as well. This material is the best candi-
date bifunctional oxygen electrode catalyst developed to date in terms of both
stability and oxygen reduction/evolution performance. The emphasis in further
development is on increasing the surface area and preparing larger quantities of

material. Deposition on a support will be attempted also, when a suitable,
stable, high surface area support material has been developed. '

Au/TiN,: Gold was deposited on the high surface area TiNy, by a Giner,

Inc. proprietary process, to investigate the feasibility of catalyzing this:
support. The surface area was increased from about 38 mz/g to 51 mz/g, indica= -

ting an average particle size of about 25 nm. Electron microscopic examination
of this material at NASA, by Dr. William Fielder, indicated the presence of
particles in this range as well as larger agglomerates of particles. The
material could not be tested electrochemically because of the instability of the
TiNy,, as discussed above, but indicates the potential feasibility of catalyst
deposition on this novel support. '
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TABLE I - PHYSICAL CHARACTERIZATION OF CANDIDATE MATERIALS

Material Source [Reference] Surface Elect.
Area Conduct.
(m? /q) (ohm-cm™')
PbPd0O, Giner, Inc. #4 4 0.74
Na_ gPt304 Giner, Inc. #1 [5,6] 21 50
Giner, Inc. #2 [5,6] 17 56
Pby (Ir;, 33Pb g7)07-y | Giner, Inc. #1 (400°C) [7] 24 40
Pbo (Ru1.35Pb.55)07_y Giner, Inc. #1 [8] 55 41
Giner, Inc. #2 [8] 35 30
Giner, Inc. #3 [8] 73 33
Giner, Inc. #3 (400°C) [8] 30 26
PtTi; 30y Giner, Inc. #1 [9] 79 (poor)
RuTij]pOy Giner, Inc. #1 [9)] 73 {poor)
RuMnj gOx Giner, Inc. #1 [9] 38 (poor)
RuMn5; 0y Giner, Inc. #1 [9] 62 2.9
La_ sSr_5Co03 CheMaterials (Basic Vol.) 0.1 105
La_ 5Sr s5MnOj CheMaterials 9 0.14
YBayCuj3Oy Duke University 0.04 1.3
LaNiOj CheMaterials 5 5-10
Giner, Inc. #1 [2] 4 46-109
Giner, Inc. #2 [3)] 6 (poor)
LiNiOy CheMaterials 0.8 0.4
NbO» Alfa Prod. (Morton-Thiokol) N/M (poor)
MoOy Alfa Prod. N/M 3.4
WO, Alfa Prod. N/M 3.5
HfB Aesar (Johnson-Matthey) N/M 2.1
HEN Aesar N/M 1.7
ZrN Alfa Prod. 0.3 91
ZrC (2% HE) Aesar 1 125
TiN Alfa Prod. N/M 390
Giner, Inc. 2.3 440
Univ. of California #2 56 0.34
Univ. of California #3 38 N/M
Univ. of California #5 21 14
Au/TiN Giner, Inc./U. Calif. #3 51 0.37
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TABLE II - RESULTS OF STABILITY TESTS OF SELECTED CANDIDATE MATERIALS.

Codes: NVR - No Visible Reaction

SR - 8light Reaction (C = Color, G = Gas)

D - Dissolved
N/M - Not Measured

Material Source [Reference] weight Observa-
Change tions
(%)
PbPdO, Giner, Inc. #4 +0.7 NVR
Na_gPt304 Giner, Inc. #1 [5,6] N/M NVR
Giner, Inc. #2 [5,6] N/M NVR
sz(Ir1.33Pb.57)O7_y Giner, Inc. #1 (400°C) [7] N/M NVR
Pby (Ruj,35Pb 65)07-y | Giner, Inc. #1 [8] N/M SR-C
Giner, Inc. #2 [8] N/M SR-C
Giner, Inc. #3 [8] ~-20 SR-C
Giner, Inc. #3 (400°C) [8] N/M NVR
RuMn; 0y Giner, Inc. #1 [9] -14 SR-C
La_5Sr, 5Co03 CheMaterials -28 NVR
La_ 5S5r sMnO3 CheMaterials -15 NVR
YBajCu3Oy Duke University N/M SR-C
LaNiOj CheMaterials N/M NVR
Giner, Inc. #1 [2] -25 NVR
LiNiOy CheMaterials -29 NVR
MoO; Alfa N/M NVR
W05 Alfa N/M NVR
HfB Aesar -100 D-C/G
HEN Aesar -100 D-C/G
ZrN Alfa -9 NVR
2rC (2% Hf) Aesar N/M SR-G
TiN Alfa N/M NVR
Giner, Inc. N/M NVR
Univ. of california #2 N/M SR-C
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NON-NOBLE ELECTROCATALYSTS FOR ALKALINE FUEL CELLS

S. Sarangapani, P. Lessner, M. Manoukian and J. Giner
Giner, Inc.
Wal tham, Massachusetts 02254

INTRODUCTION

Noble metals, when used as electrocatalysts for oxygen reduction in metal-
air batteries and fuel cells, suffer from the disadvantages of high cost,
susceptibility to poisoning and sintering. Carbons activated with macrocyclics
have attracted increasing attention as alternative electrocatalysts for oxygen
reduction (Yeager, 1984). Initial activity of these catalysts is good, but
performance declines rapidly. Pyrolyzing the macrocyclic on the carbon support
leads to enhanced stability and the catalyst retains good activity (Wiesener,
1986). The exact nature of the catalytic sites after pyrolysis is still under
investigation (Scherson, et al., 1983; McBreen, et al., 1987).

Despite this promising method of treating macrocyclic activated carbon
catalysts, the performance decay is still too large to be acceptable. Part of
the stability problem occurs because the catalytic layer on the carbon surface
is, at most, a few monolayers thick. The approach described here is designed to
develop bulk doped catalysts with similar structures to pyrolyzed macrocyclic
catalysts. The transition metal and coordinated ligands are dispersed
throughout the bulk of the conductive carbon skeleton.

Two approaches to realizing this concept are being pursued, both involving
the doping of a carbon precursor followed by high temperature pyrolysis to form
a M-N-C catalyst. In one approach, the precursor is a solid phase ion exchange
resin. Two resins have been selected for doping. One is IRC-50 (Figure la)
which is a weak cation exchange resin that contains no nitrogen in its backbone
or exchange groups. The transition metal gnd nitrogen are introduced by either
exchanging a transition-metal (such as Fe'> from FeCl;) and nitrogen (frgm
NHAOH) sequentially or exchanging a chelation compound (such as Fe(bipy)3+).
The other ion exchange resin chosen was Chelite-C (Figure 1b) which contains a
nitrogen-containing iminodiacetic acid exchange group. Exchange of a simple
transition metal salt results in metal-nitrogen coordination before pyrolysis.

In the second approach, gas phase precursors are mixed in a reactor and
pyrolyzed to form the catalyst. Acetylene (CpHp) is used as the carbon source,
ammonia (NH3) as the nitrogen source, and an iron-containing organometallic as
the transition metal source.
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EXPERIMENTAL METHODS

Chelation compounds for doping the IRC-50 resin have included Fe(bipy)3S0,,
Co(bipy3)Cly, Fe(phen)3S04, Co(NH3)gClyo , and Co(en)3Cly. Doping is carried out
by mixing the resin with a solution of the dopant and agitating the mixture at
809C for 3 hours. The doped resin is dried and then placed in a tube furnace.
The resin is pyrolyzed under an NH3 atmosphere at temperatures near 900°C.

The gas phase precursors are pyrolyzed in a vertical tube furnace at
temperatures near 1100°C. The CpHp, NH3, and iron-containing organometallic are
introduced at the top of the furnace. Product is collected in a water trap at
the bottom of the furnace or inside the tube.

Electrodes are prepared from the bulk doped carbons by mixing the catalyst
with PTFE and spreading onto a Ag-plated Ni screen.

Electrochemical tests are performed using the floating electrode technique
(Giner and Smith, 1967). The electrolyte is 30% KOH and the temperature is held
at 80°C. The electrodes are tested galvanostatically and the measurements are
corrected for external ohmic losses. Potentials are reported versus a dynamic
hydrogen electrode (DHE).

The catalysts are analyzed for their carbon, hydrogen, nitrogen, and metal
content. Some catalysts have also had BET surface areas determined using a
Micromeritics Flowsorb II surface area analyzer,

Mossbauer spectroscopy has been used in an attempt to identify the species
present in the iron-containing catalysts. This work is being done in o
conjunction with Professor Daniel Scherson at Case Western Reserve University.

RESULTS AND DISCUSSION

A. Elgc;rochemical Tests

Figure 2 compares the electrochemical performance of catalysts prepared from
IRC-50 doped from solutions of Fe(bipy)3S04, Co(en)3Clj, Co(bipy)3S0y,
Co(NH3)gCl, and FeCl3-NH,OH with CoTMPP adsorbed and pyrolyzed on Vulcan XC-72.
There is a large improvement in performance on changing the dopant solution from
FeCl3-NH4OH to Fe(bipy)350,; with the same resin and pyrolysis conditions. The
Fe(bipy), Coéen), and Co(hex) systems show a performance that is 50-80 mV less
at 100 mA/cm¢ than the CoTMPP on Vulcan XC-72. The surface areas of Co(en),
Co(hex) and Fe(bipy), doped carbons are in the same range as CoTMPP doped
Vulcan XC-72. The differences in the kinetic region may be attributed to the
differences in the surface concentrations of the catalyst. The earlier dropoff
of performance may be due to either ohmic losses in the structure or hindrance
to oxygen transport. The Co(bipy) system shows somewhat poorer performance;
stoichiometric analysis of the Co(bipy) system showed that only 1% Co was incor-
porated in the final catalyst (compared to 10% for iron) and, therefore, doping
conditions need to be adjusted.

The next set of experiments examines two different approaches for the

synthesis of "Fe-N" complexes. Figure 3 compares the performance of the IRC-50
Fe(bipy) system with Chelite-C doped with FeCly. 1In the first system, the Fe is
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already coordinated with nitrogen in the bypyridine complex. Introducing this
complex into the ion exchange resin, allows bulk-doping and ensures molecular
level interaction between the carbon and the "Fe-N" complex. In the second
system, the resin has a backbone that contains nitrogen and coordinates with the
iron. In addition to differences in the density of the exchange sites (which
determines the metal/nitrogen ratio) in these two systems, the molecular inter-
actions are bound to be different which may result in differences in oxygen
reduction performance. The carbon prepared from the chelating resin shows
essentially the same performance in the kinetic region, indicating that the
nature of the Fe-N complexes may be similar regardless of their method of prepa-
ration, as long as covalent type interactions are ensured as opposed to purely
ionic type interactions. At higher current densities, there are some differ-
ences in the performance of these systems, which may be attributed to the non-
optimized electrode preparation. It is also quite possible that the stabilities
of these complexes may vary widely. Preliminary examination of the catalysts
using Mossbauer spectroscopy indicates that the IRC-50 and Chelite-C systems
contain one species in common and one species each that is unique to that
catalyst.

Figure 4 shows the results of performance measurements on catalysts from
gas phase precursors. The undoped carbon prepared from gas pyrolysis shows very
poor performance. Addition of the Fe and N has a dramatic effect on perfor-
mance. The surface area of the Fe/N doped carbon in this figure, 1is only
19 m2/g and the nitrogen/metal mole ratio is 0.46. Studies are in progress to
improve both these factors.

B. Characterization of Catalysts

The catalysts are routinely analyzed for carbon, hydrogen, nitrogen, and
metal content. Table I shows the stoichiometry calculated for some typical
catalysts. There is still some unknown that is not accounted for in the C, H,
N, M. Some of this unknown is oxygen which comes from the CO0O~ groups in the
resin and exposure of catalyst to the atmosphere. The oxygen is present in the
form of metal oxides. However, a calculation of the maximum weight percentage
of oxygen present in this form shows that it is not enough to account for all of
the unknown. The sample of IRC/Fe(bipy) was also sent for Si analysis. Some Si
is present, but Si or Si0Oj does not account for all of the unknown. Emission
spectroscopy was conducted to determine if any other heavy metals are present.
Only minor amounts were present. The sample was sent for sulfur analysis which
showed that some sulfur was present. This sulfur is probably from the sulfate
group in the Fe(bipy)3SO4. This is because some of the dopant is imbibed in the
pores of the IRC-50 instead of being ionically bound to the COO~ groups.

BET surface areas of catalysts prepared from the doped jon-exchange resin
precursors are in the range of 100-300 mz/g. When the IRC-50 resin with no
dopant was pyrolyzed, the surface area was less than 5 m2/g. This is consistent
with work in progress which indicates that the presence of the metal dopant has
a large effect on the nature of the pyrolysis process.
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CONCLUSIONS

The doping of solid phase precursors followed by pyrolysis or the co-
pyrolysis of gas phase precursors has allowed us to produce catalysts with good
activity toward oxygen reduction. Efforts are currently underway to better
understand the reasons for the catalytic activity of the bulk doped catalysts
with a view toward further improving their activity.
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TABLE I
Catalyst Wwt% surface
Area

c H N M Unk (m*/qg)
IRC 50/Fe(bipy) 70.70 0.75 2.36 9.60 16.59 310.5
IRC 50/Co(bipy) 85.86 0.19 0.210 1.18 12.56 87.3
IRC 50/Co(en) 88.42 0.31 0.620 10.8 0 150.4
IRC 50/Co(hex) 96.28 0.29 0.10 2.63 0.7 205.3
Chelite-C/Fe 79.6 0.22 0.190 13.5 6.4 191.1
Gas Phase Carbon 99.00 0.5 —— - 0.5
Gas Phase/Ferro- 78.34 0.34 1.38 12.00 7.90 19
cene Derivative
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Polarization curves for O, reduction with porous electrodes in 7M KOH at 80°C.

Curve 1: 4.8% w/w Co-TMPP on XC-72 carbon.

Curve 2: IRC-50 + Fe (added as bipyridyl complex).

Curve 3: IRC-50 + Co (added as the hexamine chloride).

Curve 4: IRC-50 + Co (added as tris ethylenediamine cobalt(III) chloride).
curve 5: IRC-50 + Co (added as bipyridyl complex).

Ccurve 6: IRC-50 + Fe (added as the chloride) + N (added as NH,OH).

169



mV vs DHE)

Potential

mV. vs DHE)

Potential

Figure 4;

1100
1000
900
800
700
000
500

400

Figure 3:

1100
1000
900
800
700
600
500

400

Polgrinltion curves for Oz reduction with porous electrodes in 7K XOH at 80°C.

————T—TTTT] T ———r—T=T=rr] r ————r—rY
L 4
-+ L

+ 4 + +
F + + + o

ot +

+ 4 +4
= + + ++ + -
+ Ty &
+4 + L
i oty
+ +
= + -
o * L
+
4 -
= 2 -
1

- L

2 2 a2 2 o 2 ol . 2 a2 2 o 2 o8 a A o a _a o o
1 10 100 1000

Current Density mA/cm?

Polarization Curves for 0, Reduction With Porous Electrodes in 75 KOH at 80°C.

Curve 1: Chelite-C + Fe (ddded as the chloride) Pyrolyzed at 900 C. o
Curve 2: IRC-50 +Fe (added as the bipyridyl complex), Pyrolyzed at 900°C.

| O
0 4
@ A
- O a A AA A -
o a
=! RT-Y-NUN
AAAAA h
o Saa
- o Aa -
aa
| a] By
o 4a 1
! o 1
2 o
! u] d
.
b= -
o D L
- 0 -
e D -
" a Ad a2 ald " A A Semedhd & a2l " " P W
1 10 100 - 1000

Current Density mA/cm?

Curve 1: Electrode was made with pyrolysxed

CaHa + Fe (added as dimethylaminéethylferrocens).

Curve 2: pyrolyzed CaHp, (1000°C).

170

VOO i e m

LT A I A | BN ]

It

i

[RRLN



N90-20471

CORROSION TESTING OF CANDIDATES FOR THE ALKALINE
FUEL CELL CATHODE

Joseph Singer and William L. Fielder
NASA Lewis Research Center
Cleveland, Ohio 44135

Current/voltage data have been obtained for specially made corrosion electrodes of
some oxides and of gold materials for the purpose of developing a screening test
of catalysts and supports for use at the cathode of the alkaline fuel cell. The
data consist of measurements of current at fixed potentials and cyclic
voltammograms. These data will have to be correlated with longtime performance
data in order to fully evaluate this approach to corrosion screening.

INTRODUCTION

Preliminary screening of materials intended for oxygen reduction performance
alectrodes for the alkaline fuel cell is desirable in order to minimize the number
of long term test elactrodes that might otherwise be required. Moreover, a
section from a performance electrode would not be as satisfactory as a specially
made corrosion electrode for this purpose because the latter should be made much
more wettable and intended for submersion in the electrolyte.

EXPERIMENTAL
1. Materials

NiC020a spinel was synthesized by co-precipitation, in the manner of Tseung

and Botejue (1985). This material was characterized in Singer et al (1987); its
surface area is 70 m2/g. The pyrochlore PboRup0g 5 was synthegized after

the method of Horowitz (1978, 1983); its surface area is 101 m~/g. Two gold
standards, or blanks, were employed. One was the gold wire screen used as the
substrate for the oxides: the other was a piece frgm an actual working electrode
as usad in Orbiter fuel cells, comprising 20 mg/cm= of Au-10% Pt of surface area
12 m¢/g and about 30 wt % PTFE (Teflon).

2. Electrode Fabrication

Pure Au wire screen was the substrate in the oxide electrodes. The screen was 50
mesh, of 0.25 in. wire; approximately 0.5 cm? surface area of wire was included
in the submerged part of the oxide electrodes whose loadings were abhout ;5
mg/cmz. The IFC Orbiter electrode yielded a BET surface area of 2000 cme in

the electrode.
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3. Measurements

4 mm x 10 mm rectangular cuts of the fabricated electrodes were microtorch spot
welded to the 0.020 inch gold wire lead with a 4 mm x 2 mm piece of Au foil
enfolding the clear area of the electrode and the wire. The contacted electrode
was immersed in the floating half-cell of Giner (1967) within the cylindrical cage
into which the reference electrode faces (Fig. 1), The immersion included all the
active material and a minimum of the clean gold above it. The Teflon bracket of
the half-cell shown in Figure 1 which is used to contact the dry side of working
electrodes, was completely removed. The 2lectrolyte was 30% KOH, the counter
electrode was Pt or Au foil, and Ny with about 1 ppm 0p was passed through a

30% KOH bubbler before the cell. Most measurements were made at 240 C.

Stirring was found to be detrimental.

Currents at fixed voltages were measured with a PAR 173 potentiostat with a 376
attachment leading into a recorder or a voltammeter. The 0» reduction range
between 1.0 and 0.6v (RHE) was of most interest for observing corrodibility,

al though some data were taken beyond these limits.

RESULTS

The current obtained from the gold wire screen, which was used as the
collector-substrate for all the materials except the IFC electrode, is shown in
Figure 2. The rapid drop to a steady current of a few microamps is noted. The
10g-log plot was found generally useful for extrapolation to 1ong times.

The IFC Au-Pt electrode, based on a pure gold wire screen of denser mesh than used
in the other electrodes, required a longer time to fall to the same microamperage
than required by the bare gold wire (Figure 3). Figure 4 shows the more rapid
fall to a lower current for the same electrode at 0.6v than at 0.3v.

The cyclic voltammograms of Figures 5 and 6 show appreciable differences between
the bare gold wire and the Orbiter teflonated gold electrode.

Corrosion currents obtained with the Pb-Ru pyrochlore and thé Ni-Co spinel
electrodes are shown, respectively, in Figures 7 and 8. Cyclic voltammograms for
these two specimens are given in Figuras 9, 10, and 17.

OISCUSSION

The final currents obtained with the two gold standards are of the order of
microamps. It may be assumed that most of this is due to trace 02 in the
environment, The IFC electrode may he expected to be most efficient at reacting
with trace 0, having been optimized as a porous hydrophobic-backed reduction
electrode. Perhaps another type of gold 2lectrode standard could be envisaged,
namely a corrosion type designed for maximum wetting, using pure Au colloid and
minimum Teflon.

The cyclic voltammograms of the gold specimens show sensitivity to absorption of
trace oxygen species at 0.926v (RHE) = O volts (Hg/Hg0); the IFC electrode plainly
shows, in addition, its Pt content, in its resemblance to Pt cyclic voltammograms
throughout the literature (Will, 1966). The sharp rise in current above 500v
(Hg/Hg0) is due to 0 evolution, which itself would supply 0> to both gold
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electrodes in addition to the ca. 1 ppm in the N» gas supply, and to back
diffusion and leakage of air. In summary, the very low currents rapidly obtained
in Figures 2, 3, and 4 indicate a satisfactory standard for relative
non-corrodibility.

The pyrochlore used in this work is part of a study to make an improved matarial
with the expectation of improving its stability reproducibly. Whether the present
data indicate progress in this direction cannot yet be stated; however, Figures 7,
9, and 10 obtained with this pyrochlore synthesis show no drastic corrosion, in
agreement with Horowitz (1983). This surmise is fortified by comparison with the
spinel data of Figures 8 and 11. NiCop04 has been reported to be unstable to
reduction potentials (King and Tseung 11974) which is one reason it was used in
this study. During the performance represented by Fig. 8 a black coating
developed on the counter electrode. This was dissolved in HC1. Ni and Co were
found, with about 6 times as much Co as Ni; however, no attempt was made to relate
this finding quantitatively to the corrosion data.

Comparisons of corrosion tests, 1ike these reported, with Tongtime performance
electrode tests, will have to be made to evaluate this type of screening. The
present preliminary work suggests that this approach is worth pursuing.

CONCLUSIONS

Corrosion test screening of candidates for the oxygen reduction electrode of the
alkaline fuel c211 nas been applied to two substances, the pyrochlore

PbyRus0g 5 and the spinel NiCopO4. The substrate gold screen and a

sample of the IFC Orbiter Pt-Au performance electrode were included as blanks.
The pyrochlore data indicate relative stability, although nothing yet can be said
about long term stability. The spinel was plainly unstable. For this type of
testing to be validated, comparisons will have to be made with long term
performance tests.
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N90-20472

STRUCTURAL COMPARISON OF NICKEL ELECTRODES AND PRECURSOR PHASES*

Bahne C. Cornilsen, Xiaoyin Shan and Patricia Loyselle
Michigan Technological University
Houghton, Michigan 49931

In this paper we summarize our previous Raman spectroscopic
results and discuss important structural differences in the various
phases of active mass and active mass precursors. Raman spectra
provide unique signatures for these phases, and allow one to
distinguish each phase, even when the compound is amorphous to x-rays
(i.e. does not scatter x-rays because of a lack of order and/or small
particle size). The structural changes incurred during formation,
charge and discharge, cobalt addition, and aging will be discussed.
The oxidation states and dopant contents are explained in terms of the
nonstoichiometric structures.

INTRODUCTION

Nickel electrode active mass has traditionally been classified in
terms of two distinct cycles, defined in equations 1 and 2 (ref. 1).

a-Ni (OH) , --==>  y=NiOOH (1)
laging Tovercharging
B-Ni(OH), =---> p-NiOOH (2)

The four end-member phases have been named on the basis of x-ray
diffraction pattern similarities between electrochemical materials and
chemically prepared materials, «-Ni(OH),, B-Ni(OH),, and y=NiOOH

(ref. 2).

Oour research has shown that these materials can be distinguished
using Raman spectroscopic analysis (ref. 3,4). The unique spectral
signatures found for the various phases allow definition of these
structures and reflect significant variations. The two cycles in
equations 1 and 2 differ in degree of nickel deficit nonstoichiometry.
The nonstoichiometric structural model proposed in reference 3
provides a framework in which the electrochemical properties can be
understood. The lattice structures of active mass are non-close

* This work was supported by NASA Lewis Research Center

Grant No. NAG 3-519
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packed. The structural difference between the a/y and the g/8 cycles
as not previously understood (ref. 5). A-Ni(OH),, the traditional
close packed model of discharged active mass, is“not present in active
mass. Reanalysis of the x-ray diffraction patterns for charged active
mass and y-NiOOH has supported a non-close packed structure, nickel
oxyhydroxide type structure, in agreement with vibrational spectra
(ref. 4). We define structural details and inter-relations between
these materials, including the structures of the cobalt containing
cathodic-a and active mass (ref. 3,6).

To distinguish the active mass structural phases from the other
structures, we shall use prefixes, 2a, 3y, 28, and 38 (ref. 3). This
allows retention of the historical name indicative of intra-layer
structure measured by the x-ray patterns, but also allows delineation
of important structural differences. The structures of non-close
packed active mass are defined in terms of NiO, layers which exhibit a
nickel deficit, and therefore can contain foreign cations, and
interlamellar cation sites. These are defined in terms of atom sites

present in the R3m, NiOOH type lattice (ref. 4). The
nonstoichiometric formulae written in this paper express these two
types of sites, nickel or proton sites, and the dopants on them, by
writing the former ahead of the oxygen pair and the latter after the

oxygen pair.

EXPERIMENTAL
Preparations of the cathodic-«, ordered p-Ni(OH),, disordered g-
Ni(OH),, and active mass phases (2a, 3y, 28, or 38) have been
descriged previously (ref. 3,4). Chemical analyses indicate that the
disordered p-phases exhibit a nickel deficit (x < 0.16) with empirical
formulae consistent with Ni -x(2H) (OH) 5. The empirical formula for
cathodic-a was obtained in € same manner.

Cobalt (5%) containing cathodic-a phase was electrochemically
deposited on nickel foil (10 min.), fsom aqueous nitrate solution (0.5
M), at a current density of 4.6 mA/cm“. Cobalt containing active mass
has been produced by charging these thin films in 0.5 M KOH. The low
KOH concentration minimizes aging. Cyclic voltammetry was used to
cycle the films between 0.25 and 0.55 V (with respect to a
0.5 M Hg/HgO reference electrode) at a 7.8 mV/min. scan rate.

The spectra and structures for the above active mass are
comparable to those found in commercial electrodes cycled to 80% depth
of discharge (DOD) and charged to 120% of full charge (20% excess
accounts for oxygen evolution during charge). Active mass is defined
as the material or materials found in a "formed" electrode which are
reproducibly observed during charge and discharge cycling.

Raman spectra were collected with a Ramanor HG.2S
Spectrophotometer with photon counting electronics. Multi-scan
spectra were required to provide adequate signal-to-noise ratio. The
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excitation was the 514.5 nm line from an argon ion laser (10-20 mW on
the sample).

RESULTS AND DISCUSSION

The band positions in the Raman spectra of active mass
precursors, in active mass itself, or other related phases are
summarized in Table I (ref. 3,4). These spectra provide unique
signatures allowing distinction of each phase. The basic structural
unit in each of these materials is the NiO, layer, which contains
interstitial, octahedral nickel atoms within a pair of close packed
oxygen planes. For the ideal crystal lattice the proton sites are
interlamellar (between NiOz layers); however, for a defective crystal,
protons may occur within an NiO, layer (possibly on or near empty
nickel atom sites). The structural relationship between two NiO
layers (layer stacking), the proton positions, and the internal
structure for each N102 layer influence the space group symmetry and
therefore the spectral selection rules. The spectral selection rules
control the number and relative intensities of the Raman and infrared
vibrational bands. The 4000 to 2000 cm * region of the spectrum
contains vibrational modes which reflect the_symmetry and bonding of
protons to oxygen atoms. The 600 to 200 cm™ 1 region of the spectrunm
contains Ni-O lattice modes, involving motion within the two-
dimensional layers. The number of lattice modes can be influenced by
layer stacking interactions. The wavenumber positions of vibrational
modes depend on the chemical structure and bond strengths, and
therefore vary with oxidation state and/or nonstoichiometry.

ordered and Disordered p-Ni(OH),

The g-Ni(OH), structure is the best characterized, being the only
compound in this series which has been studied in single crystal form
(ref. 7,8). The Raman spectrum (Table I) of this highly ordered,
crystalline phase contains only one O-H stretch and three lattice
modes (one is very weak) (ref. 4). This spectrum agrees with
theoretical selection rules predicted on the basis of the known
crystal structure. The NiO, layer stacking is known to be close
packed in this structure. %he three lattice modes originate from the
intra-layer Ni-O modes and from inter-layer interaction between the
close packed layers present in this stacking sequence (ABAB).

A disordered form of 5-Ni(OH). exhibits a Raman spectrum which is
quite distinct in comparison with %he above ordered compound (ref. 4).
It contains two additional O-H stretching modes and one additional
lattice mode (see Table I), but is otherwise identical. This shows
that the basic structure is that of p-Ni(OH),, but with additional
features which relate to an empirical formula with Ni/OH < 0.5. A
structural model of a hydrated pg-phase with interlamellar water can be
written as shown in equation 3.
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Ni (OH),*yH,0 (3)

The lack of molecular water vibrations in both the IR and Raman
spectra suggest this hydrated model is inadequate. The lattice
parameters observed for these disordered-g materials are comparable to
those of ordered g-Ni(OH),, and do not provide room for interlamellar
H,0 molecules. Therefore this model is inadequate.

An alternative formulation with an equivalent stoichlometry,
where x = y/(2 + y), can be written (equation 4). o

Nipy (2H)y (OH)p (4)

Nickel vacancy disorder is proposed based on the empirical nickel
deficit (x < 0.16) and the vibrational spectra. A second type of
disorder is possible. Layer stacking disorder is likely, based upon
x-ray line broadening (ref. 9). Recent EXAFS analyses support the
nonstoichiometric model (ref. 10).

Charged Active Mass and Discharged Active Mass

The chemically oxidized y-NiOOH structure is the prototype for
charged active mass (ref. 4). This non-close packed NiOOH type
structure contrasts sharply with the close packed B=Ni(OH) , structure.
The two lattice modes (Table I) and the lack of an O-H stretching mode
originate from the non-close packed layer stacking (ABBCCA) and
interlamellar hydrogens on centric lattice sites. This structure has
been supported by reinterpretation of the x-ray diffraction pattern
(ref. 4)

Both forms of charged active mass (38- and 37-N100H) exh1b1t the
same selection rules which indicates that they have similar structures
(ref. 3). This crystal structure together with the point defect
structure allow one to understand the origin of the variable formulae
and oxidation states. The key difference between the 3- and 3y-NiOOH

phases is the magnitude of the nickel deficit and the resultant point
defect structures (see Table II). The nickel deficit is constant
within each cycle. The 3y-phase generally contains potassium as well.
The amount of potassium uptake is determined by the nickel deficit,
i.e. the nickel vacancies are filled with potassium. The
ramifications of this nonstoichiometric structure upon the
electrochemical properties are significant (ref. 3). The differing
oxidation states allow the o/y cycle to have a greater capacity. The
nonstoichiometry and point defects also control proton diffusion and
electron conductlon. s : :

Discharged active mass (2a- and Zﬂ-phases) dlsplays spectra and
selection rules similar to those for charged active mass (ref. 4). We
propose a similar non-close packed layer structure. The nickel
deficit in each is comparable to that in the respective charged phase
(see Table II).
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The wavenumber positions vary with charge state and defect
content (see Table I) as the active mass is charged and discharged.
The «/y bands are higher in energy (wavenumber position) than the g/p
bands. This shift parallels the increased nickel deficit observed for
the o/y phases. Therefore, the change in defect structure is also
reflected in the band positions. The energy of a vibrational mode is
proportional to the bond strength (i.e. force constant). An increase
in oxidation state normally leads to an increase in wavenumber (ref.
11). The mechanism by which the nickel deficit influences wavenumber
is the same, in that the change in nonstoichiometry induces an
increase in average oxidation state and thereby, an increase in
wavenumber.

The traditional structures proposed for discharged active mass
(2« and 28) are p-Ni(OH), or the so-called a-phase structure (ref. 2).
The Raman spectra of discharged active mass clearly demonstrate that
formed and cycled materials are not isostructural with g-Ni(OH),
(compare spectra in Table I) (ref. 3). The Raman spectrum of a
chemically precipitated a-phase also differs from that of discharged
active mass (see Table I). Therefore, the structures of chemical-a
and 2a or 28 differ as well. The structural difference between
discharged active mass (2«) and a cathodic-a phase precursor is more
subtle and will be discussed below.

Implications of the Nonstoichiometric Structure of Active Mass

The oxidation state maximum seen for 3y is +3.67. This oxidation
state is predicted for a defect structure which incorporates potassium
on 0.25 vacant nickel sites. With a +1 dopant (K) on the nominal
Ni(III) site, only 2 electron holes remain per site to ionize and to
form two Ni(IV) species. 1Ionization provides 0.5 moles of Ni(IV),
equation 5, giving an average oxidation state of 3.67 for the total
0.75 moles of nickel per mole of compound.

 +4 . +3 +
Ni™g,5 Ni"7g.25 (K)o, 25 OOH (5)

Discharge of this material reduces the nickel, but the 0.25 protons on
the nickel vacancies produce an average nickel oxidation state of 2.25
for the 2«-phase (see Table II). It is apparent that the nickel
cannot be reduced completely to 2.00 because the lattice requires
charge balance and the vacant nickel site (nominally 2+ on the
discharged lattice) holds only one proton (based upon the empirical
formula).

The 3y point defect structural model explains how Ni(IV) ions can
be introduced into the nominally Ni(III), NiOOH-type crystal lattice.
In order for the average oxidation state of nickel to exceed 3+, a
nickel deficit is required. The 38 structure (Table II) demonstrates
that the nickel deficit is not the only prerequisite to an oxidation
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state above 3+. The dopant content, three protons on the nickel
vacancy, reduces the average oxidation state to 2.9 in this case.

It has been observed that the nickel vacancies are invariably
filled with protons or alkali metals, and that the excess monovalent
cations fit exactly on the vacancies, within reasonable experimental
error. When alkali metals are low, one to three protons can be found
per vacancy. When sufficient alkali is present in the formula, it
generally fills the vacancy. Therefore, when writing formulae, we
have chosen to place potassium or sodium on the nickel vacancy sites
in preference to interlamellar sites. We do this to demonstrate
correlation of potassium content and vacancy content. This
observation appears to suggest that the potassium on nickel site
positioning is fact; however, it is important to realize that this may
be coincidence. We have no positive, experimental evidence to prove
this, nor to disprove it. It can be said that the potassium does
stabilize the nickel deficit. o

Thus the point defect structure (nickel deficit and dopant K or H
contents) controls both the maximum oxidation state and the minimum
oxidation state. Needless to say, the oxidation state change between
the two extremes controls the electrode capacity. The same logic
applies to the g/8 cycle, with the result that the narrower oxidation
state range leads to a lower capacity. Therefore, the
nonstoichiometric model allows one to understand the variable
oxidation states of nickel active mass as well as the variable
capacities.

Cathodic-a Precursors of Active Mass

The two Raman lattice modes observed for cathodically deposited
electrode-precursor materials are consistent with a non-close packed
structure. Although the cathodically deposited o-phase materials
exhibit a broad O-H stretching mode, the lattice mode region differs
little from that of discharged active mass (Table I) (ref. 4).
Therefore the two structures are related in terms of layer stacking.
X-ray powder diffraction data also reflects this similarity (ref.
1,2). However, the O-H stretching mode indicates that there are ,
differences in water content and/or proton bonding. This structural
difference may be significant. ' ‘

The lattice mode positions (see Table I) for the cathodic-a phase
are lower than for the discharged active mass phases (2« and 23).
This shift is related to the difference in bond strengths associated
with a small change in oxidation state. The cathodic-« material is
green and is Ni(II). The oxidation states of the dark discharged
active mass are greater than 2 (see Table III).

The empirical formula of a cathodic-a material is written in Table II.

The nickel-oxygen ratio in these materials is generally lower than for
discharged active mass. This can be caused by either additional
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molecular water (equation 6) or a more extensive nickel deficit
(equation 7).

Nio.75 (2H) .25 (OH)5°0.33 Hy0 (6)

Nip,e5 (2H)g,35 (OH)3 (7)

We favor the molecular water explanation because the Raman spectrum of
cathodic-« displays O-H stretching modes which are typical of water.
The hypothetical nickel deficit in equation 7 is also greater than
0.25; the 0.35 value is larger than seen in other materials to date.

The above results show that discharged active mass, charged
active mass, and cathodic-a phases are non-close packed and related in
structure. The proposal of this structure for the ao-phases disagrees
with literature which suggests close packed inter-layer stacking (ref.
1) . The literature powder pattern has been assigned a low reliability
in the JCPDS file (ref. 12) and has been questioned in the literature
(ref. 13). Further research is needed to understand how the excess
"water" is incorporated structurally.

Cobalt-Containing Nickel Electrodes: Precursors and Active Mass

Raman spectra of cobalt containing precursors, i.e. cathodically
deposited materials, are distinct and differ from that of cobalt-free,
cathodic-a phase (ref. 6). The Raman spectrum of a 5%_cobalt,
cathodic-a displays two Raman bands at 460 and 530 cm™ 1 (Figure 1).
The wavenumber positions are identical to those observed with no
cobalt, but the intensity ratio for the two bandi is inverted. A very
weak O-H stretching mode is observed at 3652 cm~+. The weakness of
this band and the intensity reversal distinguish the cobalt-free and
cobalt containing spectra. These changes reflect the significant
influence of cobalt addition. Changes in the electronic structure of
the solid when the cobalt solid solution is formed apparently change
the bonding enough to change the polarizability of these lattice
modes. Raman intensities depend directly upon the polarizability
tenser associated with each normal vibration.

However, the spectral selection rules do not change with cobalt
addition for these cathodically deposited materials. The spectra are
therefore consistent with a non-close packed structure, with the
cobalt going into solid solution on the nickel sites. We propose the
layer stacking is ABBCCA, similar to active mass.

Formation and cycling of the above materials produces an active
mass material that displays Raman spectra similar to those of cobalt-
free, nickel electrode active mass (ref. 3). The fact that the active
mass spectral selection rules do not change upon cobalt addition
indicates that the cobalt is incorporated in solid solution, and that
a non-close packed structure is retained. The previous discussion of
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active mass structure applies to cobalt containing active mass as
well,

Cobalt addition introduces a structure that is intermediate
between the g/p and o/y stoichiometries. Both the Raman spectral
positions (550 and 474 cm™*, charged) and empirical formulae suggest
this (ref. 3). The recent cobalt-containing empirical formula
reported by Braconnier et al. can be recast in nonstoichiometric form
in equation 8 (ref. 14). The nickel deficit obtained is 0.19, falling
between the cobalt-free g/8 and o/y values, as expected based upon
Raman spectral positions. It is apparent that the cobalt stabilizes
an increased cation deficit.

Nig, 57 Cog,24 Ko,17 Nag, gz 00 Hy g5 Nag g (8)

STRUCTURAL AND CHEMICAL CHANGES
The Formation Process

Both cathodic-a and active mass are nonstoichiometric and non-
close packed. Therefore no change in layer stacking is required
during the formation process. If the cathodic-a precursor contains a
significant nickel deficit, then the change in nickel nonstoichiometry
during formation can be minimal. For example, a cathodic-u (equation
6) would form an active mass as defined in equation 9 if no change in
nickel deficit occurred. A net loss in "water" is evident as well as
a change in oxidation state.

Nig 75 (2H)g 25 OOH; °0.33 H,0 + 0.25 OH™ --—-——- > (9)
Nig.75 (2H)g, p5 OOH, o + 0.58H0 + 0.25e

The formation of active mass from a more stoichiometric precursor
would also involve creation of nickel vacancies. The final nickel
deficit characterizing an active mass need not be equal to nor
controlled by the deficit in the precursor-a. The formation process
can increase the nickel deficit to form more optimal active mass.

Transformation of a cathodic-a to active mass involves a change
in proton incorporation or bonding, as demonstrated by the loss of the
O-H stretching mode upon formation. This change in the spectrum is
consistent with our proposal that the cathodic-a contains molecular
water which is removed or lost during formation.

A stoichiometric precursor with close packed stacking, such as g-
Ni(OH),, must undergo major structural change upon formation into
nonstoichiometric, non-close packed active mass. Both transformation
from close packed to non-close packed layer stacking and vacancy
creation are required. It is likely that layer shearing and defect
formation processes would slow the formation process for such starting
materials. Furthermore, shape and volume changes are expected to be
much greater for such a precursor. It is likely that these would
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reduce the electrode mechanical integrity as well. We propose that
the reason that cathodically deposited materials are successful
precursors to active mass is intimately tied to the minimal structural
change required during the formation process.

Charge and Discharge Cycling and Transformation from g/g to o/y Cycles

Shifts in band position during charging and discharging of
cobalt-free active mass directly reflect changes in the structure and
bonding which occur as the nickel oxidation state varies (Table I).
The wavenumbers increase during charging and drop on discharge as
discussed earlier. The general charge-discharge reaction can be
written as shown in equation 10. Kt may replace x of the protons to
give the a/y cycle. If no overcharging occurs the structural changes
are simply changes in proton content and oxidation state. No change
in defect structure or layer stacking is required.

Nij_y (nH)y, OOH, + [1l+x(n-1)] OH  ====—- > (10)
Nij_y Hy OOH; o + [1+x(n-1)] Hy0 + [1+x(n-1)] e”

overcharging a 3g-material induces the 3y-phase (ref. 2). As
seen in the nonstoichiometric formulae (Table II) the materials in the
two cycles display different nickel deficits. We propose that
overcharging induces the higher level of nonstoichiometry to
accommodate the higher oxidation state formed during overcharge. The
resultant point defect structure allows a greater change in oxidation
state, which provides the higher capacity observed for the o/y cycle.
A significant amount of potassium is introduced when 3y is produced.
It is apparent that the potassium and the increased nickel deficit are
important to the stability of this structure.

once formed, retention of the a/y cycle might be expected.
However, further cycling will allow transformation back to the B/ 8
cycle with a concomitant reduction in nickel deficit and potassium
content. Furthermore, these are not the only structural changes
expected with this model. One mechanism for return to the g/8 cycle
involves aging of discharged-o to disordered g-Ni(OH), (as described
below), with subsequent cycling and re-formation back into the 3/8
cycle. The intermediate structure is close packed (disordered g-
Ni(OH),). Because this mechanism involves a change in layer-layer
stacking, density and volume changes are expected. Therefore, both
mechanical stability and capacity would be reduced. This is
consistent with experimental observations.

Aging in KOH

The product of KOH aging of a cathodic-a was found to be
"Jeactivated-o" by Barnard et al. (ref. 15). The Raman spectrum of
such an aged material shows that it is a nonstoichiometric,
disordered-g compound (ref. 4). Barnard et al. observed a g-like x-ray
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pattern as well, but did not differentiate it as a nonstoichiometric
material (ref. 9).

The Role of Cobalt Addition

The mechanisms by which cobalt has a beneficial effect on
electrode properties can now be discussed in terms of the structures
and structural changes already defined. Cobalt is incorporated in
solid solution with nickel in cathodic-o and active mass. All three
materials are non-close packed. Cobalt stabilizes nickel deficit
nonstoichiometry that is higher than for cobalt-free systems. This
structure enhances electrochemical properties, including a higher
nickel oxidation state.

Another role of the cobalt additive appears to be in stabilizing
a cathodically deposited precursor structure with enhanced
nonstoichiometry which is structurally similar to optimal active mass.
The very weak O-H stretching mode observed with cobalt addition is a
measure of a water, proton and defect content more like that of active
mass. This will improve mechanical stability by minimizing the
density and volume changes during formation. The optimal
nonstoichiometry and point defect structure will also optimize the
electronic and protonic diffusion processes.

CONCLUSIONS

Optimal nickel active mass is non-close packed and o
nonstoichiometric, as is cathodic-a. The formation process transforms
precursor phases into this structure. Therefore, the precursor.
nonstoichiometry and disorder, or lack thereof, influences the final
active mass structure and the rate of formation. Aging to less active
material or incorporation of less than optimum nonstoichiometry
reduces capacity. The role of cobalt addition can be appreciated in
terms of structures favored or stabilized by the dopant.

The unique spectral signatures found for the various phases allow
differentiation of these materials and reflect significant structural
variations. Most importantly, the layer stacking is clearly indicated
by Raman spectroscopic analysis. The nonstoichiometry allows one to
understand the oxidation states and electrochemical properties. An
optimum active mass will exhibit an enhanced nickel deficit, providing
a maximum change in oxidation state, and will resist aging. How
formation of such a material can increase mechanical stability is

discussed in terms of a structurally similar precursor-a.

This new structural understanding provides a basis upon which one
can study the subtle structural effects induced by empirical ,
parameters such as cobalt concentration or electrolyte concentration.
With such information the electrode structure can be tuned to provide
optimal electrochemical properties. It should be possible to relate
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optimal structure of a precursor-o and of formed active mass to
properties during cycling. Furthermore the potential of Raman
spectroscopy for quality control purposes appears bright because the
spectra vary qualitatively to mirror both major and subtle variations.
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IMPEDANCE STUDIES OF Ni/Cd AND Ni/Hp CELLS USING THE CELL CASE
AS A REFERENCE ELECTRODE

Margaret A. Reid
NASA Lewis Research Center
Cleveland, Ohio 44135

Impedance measurements have been made on several Ni/Cd and Ni/H;
flightweight cells using the case as a reference electrode. For these
measurements the voltage of the case with respect to the anode or cathode
is unimportant provided that it remains stable during the measurement of
the impedance. In the cells measured so far, the voltages of the cell
cases with respect to the individual electrodes differ from cell to cell
even at the same overall cell voltage, but they remains stable with time.
The measurements can thus be used to separate the cell impedance into the
contributions of each electrode, allowing improved diagnosis of cell
problems.

INTRODUCTION

Many impedance studies have been carried out on Ni electrodes and
Ni/Cd and Ni/H, cells. Some studies have been made while the cells or
electrodes were being discharged (refs. 1-2), others at various open
circuit voltages (refs. 3-6). The impedances have been found to be
strongly dependent on depths of discharge and/or voltage and on the
procedure used to obtain the measurements. The studies have been similar
qualitatively but not quantitatively.

In order for impedance to be used as a diagnostic tool for individual
cells, more reproducible measurements must be obtained. It would also be
desirable to be able to separate the contributions of the individual
electrodes, especially for Ni/Cd cells. With Ni/H, cells one can almost
always assume that any problems are due to the Ni electrode or separator
and that the hydrogen electrode behaves reasonably reversibly. In this
case the cell impedance is essentially that of the nickel electrode plus
the ohmic contributions from the separator and electrolyte. However, with
Ni/Cd cells, the Cd electrode can sometimes be the cause of poor cell
performance although it usually causes fewer problems than the Ni
electrode. For a sealed cell with no reference electrode, there is
currently no satisfactory way of determining which electrode is behaving
poorly without opening the cell and performing postmortem analyses.

This paper discusses preliminary measurements of impedance on
flightweight Ni/Cd and Ni/H, cells using the case as a reference electrode
in order to determine the impedances of each individual electrode.
Although measurements so far have been limited, the method appears valid.
We are reporting it at this time because of the urgent need for better
diagnostic procedures for space-qualified Ni/Cd and Ni/H; cells.
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EXPERIMENTAL PROCEDURE

Impedance measurements were made using the Solartron 1250 Frequency
Response Analyzer coupled with a Solartron 1286 Electrochemical Interface.
Measurements were made on two flightweight 50 AH Ni/Cd cells from General
Electric Corporation (now Gates) which had undergone acceptance testing
several years ago and which had subsequently been stored in the short-
circuit condition. One was from a lot which had Cd electrodes which had
been determined to be faulty from testing of other cells of the lot, the
other was believed to have a good Cd electrode. At the time of testing,
the cells had been stored for about six years. They were measured in the
as-received condition, partially charged at 1 A for 5 hours, discharged
at 1 A to 0.1 V, where they were measured again. They were then charged
at 5 A (C/10) for 16 hours, discharged at 10 A (C/5) to 0.1 V and
equilibrated at 1.275V.  The impedances were then measured at room
temperature from 100 Hz to 0.0025 Hz with a RMS signal of 1 mV (peak to
peak signal of 2.828 mV). =~~~ -

The Ni/H, cell studied was a 50 AH flightweight cell from Hughes which
had completed acceptance tests and been cycled 900 real-time LEO cycles,
followed by three years on open-circuit. The cell was charged to 1.275
V and equilibrated overnight. Impedance measurements were then taken of
the total cell and the individual electrodes. The cell was then charged
several times at C/10 for 18 hours and discharged at C/2 to 1.00 V.
Following this it was cycled at 60% DOD for three LEO cycles (55 minutes
charge, 35 minutes discharge, 5% overcharge). Impedance measurements were
taken again after equilibration of the cell at 1.275 V.  The same
parameters for the impedance measurements were used as with the Ni/Cd

cells.

RESULTS AND DISCUSSION

A simplified circuit diagram for an electrochemical cell is shown in
Figure 1. A real cell usually has additional circuit elements including
inductance due to the physical arrangement of the plates, modifications
due to the porous nature of the electrodes, and adsorption capacitances
and resistances. However, this simplified circuit diagram serves as a
good first approximation. If the impedance of one of the electrodes is
several orders of magnitude less than that of the other as is usually the
case with Ni/H, cells, one of the RC loops can be neglected, and the
impedance of the cell can be treated as essentially that of the electrode
with the higher impedance. The impedance data can be plotted in a number
of different ways (ref.7). Bode plots (the lTog of the magnitude of the
impedance vs the log of the frequency) are useful for comparing data that
vary by orders of magnitude. Nyquist or complex plane plots (the real or
in-phase component of the impedance vs the imaginary or out-of-phase
component) are helpful in determining the ohmic and kinetic resistances
and double-layer capacitances, and the slope of the Warburg plot (either
the real or imaginary component vs the inverse square root of the angular
frequency) gives information about the diffusion process (a large slope
corresponds to slow diffusion). Figure 2 shows a typical Nyquist plot of
a well-behaved Ni/H, cell at a voltage where the kinetic resistance is
low. The impedance in this case is essentially that of the Ni electrode.
The left intercept with the x-axis is the ohmic resistance, and the
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diameter of the semicircle gives the kinetic resistance. The right-hand
portion of the curve is caused by slow diffusion processes. Similar plots
are obtained with Ni/Cd cells (refs. 4-6), and the bulk of the impedance
is also usually due to the Ni electrode. At lTow voltages, the diffusion
portion of the curve may merge with the kinetic portion.

If the impedance of the cell varies from that of the typical cell,
or if there is reason to suspect problems with the Cd or Hp electrodes, it
would be desirable to separate the impedance into the contributions from
each individual electrode. This study was undertaken in order to see if
the use of the cell case would enable such a separation.

In studying the impedances of cells containing Ni electrodes, the
problem arises as to the best voltage or voltages for carrying out the
measurements. It has been found that the impedances of Ni electrodes in
the charged state (i.e., at higher voltages) are very low and do not vary
much from one electrode to another or from one manufacturer to another.
However, at low voltages corresponding to almost completely discharged
electrodes, impedances rise by several orders of magnitude. Figure 3 is
the Bode diagram for the magnitude of the impedance vs frequency for a
typical electrode showing the changes with voltage as well as with
frequency. Figures 4 and 5 show how the kinetic resistance and the
Warburg slope change abruptly by several orders of magnitude as the
voltage is lowered. At very low voltages (cell voltages of less than
1.000 V or electrode voltages below about 0.050 V vs the Hg/HgO electrode)
the impedances are very large, and there is a great deal of scatter. We
have found that equilibrium cell voltages of 1.150 to 1.275 V
(corresponding to voltages of the Ni electrode vs the Hg/HgO electrode of
about 0.200 to 0.325 V) give sufficient differentiation of the impedances
with less scatter than at lower voltages. The measurements reported below
were taken at cell voltages of 1.275 V.

We have also found significant differences at Tow voltages between
electrodes from different manufacturers in addition to small differences
between individual electrodes from the same manufacturer. This is not
important if one is comparing cells from a single manufacturer, but must
be taken into account if comparisons are made between electrodes or cells
from different sources.

Recent studies in our laboratories have also indicated that
measurements of impedances of the Ni electrode are more reproducible if
the cells or electrodes are equilibrated at the voltage of interest.
Equilibration times required vary from a few minutes for highly charged
electrodes to several hours or overnight or longer for electrodes at low
voltages. The voltage range described above allows reasonable
equilibration times of 15 min to several hours depending of the electrode
and the magnitude of the change from the initial voltage to the
equilibrium voltage desired.

The voltage of the Cd electrode is reasonably stable, and it can be
used as a reference electrode although it is less satisfactory than the
Hg/HgO electrode (ref. 8). If the electrode is partially charged so that
there is a reasonable amount of both metallic Cd and Cd(OH) gresent, the
potential should be quite close to the theoretical value ft =0.809 V vs
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SHE). Thus if the voltage of the cell case vs the Cd electrode is fairly
constant, we can assume that the cell case voltage is not changing

s1gn1f1cant1y

The voltages of the cell cases with respect to the Cd and Ni
electrodes at various times are given in Table I. We see that the
voltages of the case vs the Cd electrodes are quite stable, especially
over short periods of time, while the voltage of the Ni electrode vs the
case varies gradually with time. Although it is only necessary that the
case voltage remain constant during the impedance measurement, it is
interesting to speculate as to what electrode reaction is determining the
potential of the case. The standard voltages of several possible couples
are presented in Figure 6 along with the couples for the Ni and Cd
electrode reactions, the Hg/Hg0 reference electrode and the case voltages
for the two Ni/Cd cells studied.

Flightweight Ni/Cd cells have stainless steel cases. If we compare
the data in Table I with the values in Figure 6, we see that the potential
of the case with respect to Cd for cell L13- 012 is somewhat higher than
that of the Fe(OH)3/Fe(OH), potential, that of the other cell is not close
to that of any obvious couple. There are no other metal/metal oxide
potentials in this voltage range that could reasonably be considered as
the source of this potential. Thus the potential-determining reaction
cannot be determined at this time, but since the potential is stable for
a reasonable time period, determ1nat1on of the impedance using the case
as the reference is feasible. The potential may be a mixed potential or
it may be affected by organ1c components from degradation of the
separator.

Impedance measurements were made on the complete cell and on each of
the electrodes individually using the case as a reference. Figure 7 shows
the arrangement of the leads for each measurement. The voltage between
the two reference electrodes was maintained constant during the
measurement. The experiments were interrupted several times during the
course of the measurements of the individual electrode impedances to see
if the cell voltage and the voltage of the electrode which was not being
measured had changed. If the cell voltage had fallen (in no case this was
more than 3-4 mV), the cell was again brought to the initial voltage
before the measurements were cont1nued

The results are plotted e1ther as Bode plots or Nyquist plots. The
Nyquist measurements were corrected for ohmic resistance since it was not
known initially whether the sum of the ohmic resistances between the case
and the individual electrodes would equal the ohmic resistance between the
two electrodes. (The results of the measurements subsequently showed that
this was unnecessary, that each of the resistances between the case and
the individual electrodes was half that of the ohmic resistance of the
complete cell). The corrected impedance for the two electrodes was added
together at each frequency to give a calculated impedance for the complete
cell. This calculated impedance was then compared to the experimental
impedance for the cell (which had also been corrected for ohmic
resistance). The values were essentially the same except at low
frequencies where the impedances are higher and the scatter greater,
indicating that the method is valid.
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Figure 8a is the Nyquist plot for the impedances in cell L13-012, the
cell which was presumed to have a poor Cd electrode. It can be seen that
the sum of the impedances for the individual electrodes at each frequency
is equal to the measured impedances for the total cell. The same behavior
is shown in Figure 8b for cell L07-220, from a Tlot with "good" Cd

electrodes.

Figure 9a compares the impedances of the "good" and "bad" Cd
electrodes using the Bode representation. The impedance of the “bad" Cd
electrode in cell L13-012 is higher at low frequencies (diffusion
controlled region) by half an order of magnitude. Figure 9b is the
comparable plot for the Ni electrodes. In this case the low frequency
impedance of the Ni electrode in cell L13-012 is lower than that in cell
L12-220. The Nyquist plots are shown in Figure 10.

The values of the kinetic resistances, Warburg slopes, and electrode
capacitances that can be obtained by analysis of the data using the
circuit diagram for an individual electrode are not reported, since we
believe that the cells had not been cycled sufficiently after the
open-circuit or short-circuited storage to obtain reproducible results.
The data are presented primarily to describe the method and indicate its
probable validity. However, we feel that the results are qualitatively
correct.

The data for the Ni/H, cell after cycling are presented in Figure 11.
The Bode representation is used since the nickel electrode impedance and
the hydrogen electrode impedance differ by about two orders of magnitude.
The impedance parameters are given in Table II.

In both sets of measurements of the Ni/H, cell the voltage of the cell
case was not as stable as with the Ni/Cd cells. Sometimes the voltage was
close to the Ni potential, at other times close to potential of the H,
electrode. During the measurements of the impedance of the Ni electrode
the case potential remained stable, i.e., the cell voltage after the
measurement was essentially the same as before, and no appreciable DC
current was noticed. However, during the measurement of the impedance of
the hydrogen electrode the cell voltage changed by several hundred mV and
a large DC current was noticed. We suspect that the instability of the
case voltage may be due to the difference in the case material from that
of the Ni/Cd cells. The case of the Ni/H, flightweight cell is made of
Inconel, while that of the Ni/Cd cells is steel. The voltages of the case
vs Ni in nine boilerplate Ni/H, cells housed in standard steel pressure
vessels are in the same range as those of the two Ni/Cd cells described
above and seem to be as stable as in the Ni/Cd cells. The difference is
thus probably due to the case material rather than the difference in the
negative electrode or separator. Despite the changes in voltage of the
case in the Ni/H, cell, the results are believed to be qualitatively
correct.
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CONCLUSTIONS

Preliminary experiments indicate that the cell case can be used as
a reference for Ni/Cd cells. The case can also probably be used as a
reference for Ni/H, cells, although the potential of the case does not
appear to be as stable as with the Ni/Cd cells. These measurements can
be used to help determine which electrode is responsible for loss of
performance. We are now cycling these Ni/Cd cells to determine changes
in impedances of the individual electrodes with cycle Tife. We hope to
make more measurements on a variety of Ni/Cd and Ni/H, cells from different
Tots to see if the cell and electrode impedances can be correlated with
cycle life.
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Table I. VOLTAGES OF CASES OF Ni/Cd CELLS VS INDIVIDUAL
ELECTRODES.

Cell L13-012 At Time of  Overnight After Two Months
Impedance Stand Recharge ocv

Cell Voltage 1.275 1.181 1.275 0.243

Case vs Cd 0.350 0.350 0.349 0.318

Ni vs Case 0.925 0.831 0.926 —-0.076

Cell LO7-275

Cell Voltage 1.275 0.413

Case vs Cd 0.648 0.631

Ni vs Case 0.627 -0.218

Table II. IMPEDANCE PARAMETERS FOR Ni/H2 50 AH CELL.

R R( SLOPE CAPACITANCE
ohm in
(mOhm)  (mOhm) (Forods)
COMPLETE CELL 4.00 - 0063 -
NI vs CASE 1.96 - .0041 -
H vs CASE 2.05 - .000056 -
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THE APPLICATION OF ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY FOR
CHARACTERIZING THE DEGRADATION OF Ni (OH)2/NiOOH ELECTRODES

D.D. Macdonald and B.G. Pound
SR! International
Menlo Park, California 94025

and

S.J. Lenhart
Ford Aerospace
Palo Alto, California 94303

Electrochemical impedance spectra of rolled and bonded and sintered
porous nickel battery electrodes were recorded periodically during
charge/discharge cycling in concentrated KOH solution at various
temperatures. A transmission line model (TIM) was adopted to represent the
impedance of the porous electrodes, and various model parameters were adjusted
in a curve fitting routine to reproduce the experimental impedances.
Degradation processes for rolled and bonded electrodes were deduced from
changes in model parameters with electrode cycling time. 1In developing the
TLM, impedance spectra of planar (non-porous) electrodes were used to
represent the pore wall and backing plate interfacial impedances. These data
were measured over a range of potentials and temperatures, and an equivalent
circuit model was adopted to represent the planar electrode data. Cyclic
voltammetry was used to study the characteristics of the oxygen evolution
reaction on planar nickel electrodes during charging, since oxygen evolution
can affect battery electrode charging efficiency and ultimately electrode
cycle 1ife if the overpotential for oxygen evolution is sufficiently low.

Transmission line modeling results suggest that porous rolled and bonded
nickel electrodes undergo restructuring during charge/discharge cycling prior
to failure. The average pore length and the number of active pores decreases
during cycling, while the average solid phase resistivity increases. The
average solution phase resistivity remains relatively constant during cycling,
and the total porous electrode impedance is relatively insensitive to the
solution/backing plate interfacial impedance.

INTRODUCTION

Porous nickel electrodes are used in a number of secondary alkaline
battery systems, including nickel-iron, nickel-zinc, nickel-hydrogen and
nickel-cadmium cells. Each of these batteries must ultimately meet several
performance criteria: high specific power, high specific energy, low cost, and
long cycle life. At present, the viability of these batteries is often
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limited by the degradation of the electrode materials. In some cases, the
nickel plate is life-limiting (Ref. 1).

A number of irreversible degradation processes affect the performance of
porous nickel battery electrodes. Like all porous electrodes, nickel plates
can exhibit electrolyte exhaustion within the pores leading to mass transport
and ohmic overpotential losses that reduce cell power. Faradaic efficiency
losses from cycle-and temperature-dependent parasitic processes, such as
oxygen evolution, can reduce charging efficiency. Also, the structural
integrity of porous nickel electrodes frequently is inadequate to endure the
mechanical stresses that arise during charge/discharge cycling. Resistive
degradation of substrate particle-particle bonds can result from these
stresses, and/or the active material may progressively separate from the
current collector further reducing the performance of the electrode on cyclic
charging and discharging.

In this paper, we report a study of the degradation of porous nickel
battery electrodes in alkaline media upon cyclic charging/discharging.
Electrochemical impedance spectroscopy is used as the principal experimental
tool. Impedance studies of both planar and porous nickel battery electrodes
in alkaline solutions have been published previously, but much of this work
was restricted to relatively narrow frequency ranges because of limitations
with experimental instrumentation (Ref. 2-5). Also, some investigators report
impedance data for the total cell rather than the individual electrodes (Ref.
6,7), while other studies have dealt with electrodeposited (thick) oxide films
(Ref. 8).

TRANSMISSION LINE MODEL

An understanding of how the properties of porous nickel electrodes are
altered during cycling is developed in this study by adopting a transmission
line model (Ref. 9,10) for the impedance of the porous mass. The model is
adopted from Lenhart, Chao, and Macdonald (Ref. 11) and Park and Macdonald
(Ref. 12), and differs from classical TLMs in two ways. First, the model used
here recognizes the finite thickness of a practical battery electrode.
Accordingly, the electrochemical behavior of the porous mass will be partly
determined by processes that occur at the base of the pore between the current
collector (backing plate) and the solution (impedance Z', Figure 1), provided
that the frequency is sufficiently low that the penetration depth of the AC
wave i1s of the same order as the thickness of the porous mass. Secondly, the
model assumes a finite resistance for the active solid phase in order to
account for the resistive degradation of particle-particle contacts caused by
internal stresses.

As with most porous electrode models developed to date, several
simplifying assumptions are made in order to render the mathematics tractable.
Thus, the pores are assumed to be parallel right cylinders, and any radial and
axial electrolyte concentration gradients within the pores are neglected.
Furthermore, average pore electrolyte and solid phase resistances are used. A
uniform layer of active material is assumed to line the walls of the pores,
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and charge storage processes along the walls are represented by a position-
independent interfacial impedance Z. 1In this work, an equivalent circuit
representing the interfacial impedance, Z, and the backing plate impedance,
Z', are deduced from planar nickel electrode impedances.

The mathematical details of the modified transmission line model have
been described in previous publications (Ref. 11,12) and are discussed only .
briefly here. The equivalent electrical circuit for a single pore in
discretized form is shown in Figure 2, in which R and R  represent the
resistance of the solid current-carrying phase per unit pore length (ohm/cm),
and the resistance of the solution phase per unit pore length (ohm/cm),
respectively. The igterfacial impedance, Z, is a specific impedance per unit
pore length, (ohm cm“/cm), so Z/dx has units of ohms. The current collector
or backing plate impedance Z' has units of ohms, and is assumed to be
independent of pore length.

Current and potential distributions within the porous system, and the
total impedance, were derived (Ref. 11,12) by application of circuit analysis
equations to a typical discrete unit. The total impedance of n one-
dimensional parallel pores was found to be:

1 1
R £ 2y 2R R +7/2(R2+R2)C+5R25
1 m s m s m s s
7. == (L
T an+RS l/ 1/
v 72@® +R) (y 25+ 6 C)
m s
where
R R R + R 1 1
y- Bt s o M5 o tosh (v 722), and S = sinh (v 2 2).

If A iszthe total projected area of the porous electrode, and (1-8) is the
fraction of that area occupied by pores, then 6A/n is the film area per pore,
and (1-8)A/n is the average pore area per pore. The solution phase resistance
per pore becomes p.nf/(1-8)A, and the resistance of the current-carrying solid
phase is pmnI/GA, where Pg and Pp are the resistivities (ohm cm) of the
solution and solid phases, respectively, and £ is the pore length. The
resistances R, and R in Figure 2 are therefore

Ry = pg n/(1-6)A (ohm/cm) (2)
Rm = fn n/6A (ohm/cm) (3)

If the specific impedances (ohm cm2) of the pore wall and pore base are Z
and Z', respectively, then_the impedance of the pore wall and pore base per
pore are Z /2arl and Z /nrz, where r is the average pore radius. Since the
average pore area is (?-G)A/n = nr“, the average pore radius is given as

(1-6) A1/2
r= | ) (4)

mTm
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and the impedance per unit pore length as:
Z £ Z
W

w n %@
- 5mi~ 3 Ga (1-9)) )

Z

Similarly, the backing plate or current collector impedance Z' per pore is
found to be

. - Zb _ an . )
2 (1-9)A ]
Y -
The above expressions for , RS, Z and Z' are used in Equation 1, which now

describes the impedance of a three dimensional porous electrode. The
expressions for Z and Z' are determined from planar electrode impedances, as
discussed in the Results Section.

EXPERIMENTAL

Test Cell

A three electrode cylindrical PTFE cell was used for all experiments with
the working electrode positioned horizontally near the bottom of the cell. A
platinum counter electrode and a Hg/HgO reference electrode were positioned
over the working electrodes. The cell provided input ports for the- .
electrolyte solution, for high purity argon gas purging, and for a PTFE coated
copper/constantan thermocouple. High purity argon purging gas was
deoxygenated in two zinc/vanadyl sulfate gas washing bottles. An 8 molal KOH
electrolyte solution with 1% LiOH was used for all experiments and was
prepared from reagent grade KOH and LiOH in double distilled, deionized
water. The small LiOH addition was made to conform with other previously
reported battery cycling experiments. Lithium additions are usually regarded
as beneficial to porous electrode performance (Ref. 13,14,15,) although recent
experiments (Ref. 16) showed little effect on capacity during cycling.

All potentials reported here are relative to the Hg/HgO reference
electrode. A paste of Hg/HgO was inserted in a PTFE container above the
solution, and contact with the electrolyte was provided by cotton fibers in a
PTFE capillary. ©No liquid junction correction was required with this
arrangement, since the reference and working electrodes were in contact with
the same electrolyte. From the reaction

HgO + H2

0 + 2e” = Hg + 20H ' (7)

the potential of the Hg/HgO reference in 8 molal KOH was calculated to be
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-0.008V (SHE) using the following values for the activity of water and OH™:
aH20(298°K, 8m KOH) = 0.5545, E° = 0.0984 V and agy- = (mgy-)

*
Ty = mKOH7f = (8molal)(5.902) from Pound et al. (Ref. 17).

Three kinds of nickel working electrodes were used: a planar nickel
electrode, rolled and bonded porous electrodes, and sintered porous
electrodes. The planar nickel specimen was cut from a rod of 99.5% nickel. It
was polished to a 0.05 micron alumina powder finish and was rinsed with
distilled water. Typically less than 10 minutes elapsed between polishing and
polarizing the sample, and only a few seconds elapsed between solution contact
and polarization.

The porous electrodes used in this study were prepared by commercial
electrode fabricators. The active material in the rolled and bonded electrodes
was supported by a PTFE "web" making up 1 w/o of the total electrode material;
the remainder being 30% graphite, 1% cobalt hydroxide, and hydrated nickel
hydroxide. The graphite served as the current carrier to the backing plate,
and the cobalt was added to increase capacity during cycling (Ref. 18). A
capacity of 0.29 A hr/gm was reported based on a one electron transfer from
nickel hydroxide to nickel oxyhydroxide. The structural features of the
sintered electrodes were very different from the rolled and bonded
electrodes. For the former, nickel powder was sintered to a nickel wire mesh,
and NiOOH was chemically deposited in the pores. The sintered nickel metal
(and not graphite) carried the current to/from the wire mesh, which served as
a backing plate. The capacity was 0.015 A hr/cm® projected (flat) area.

Experiments were performed at temperatures ranging from 0 to 100°C. The
temperature was controlled to within + 2°C as indicated by a thermocouple

inside the test cell.

Cyclic Voltammetry

Only planar nickel electrodes were studied by cyclic voltammetry.
Freshly polished nickel electrodes were inserted into the cell and, on contact
with the electrolyte, were polarized to -850 mV. The solution and cell were
then heated or cooled to the desired temperature. After temperature
stabilization, a triangular potential/time perturbation was applied to the
cell via a coupled function generator and potentiostat.

Various sweep rates from 1 to 100 mV/s were employed, and the potential
was swept from below the hydrogen evolution potential to well above the oxygen
evolution potential before reversing the sweep direction. At a given
temperature, E/I traces were first recorded at 100 mV/s, then at progressively
lower sweep rates. After the lowest sweep rate voltammogram was recorded, E/I
traces were recorded at consecutively higher sweep rates up to 100 mV/s. The
volta?mograms reported here were reproducible to within + 3 mV and + 0.5
mA/cm‘ on the potential and current scales, respectively.
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Electrochemical Impedance Spectroscopy

Impedance data were recorded with either a Solartron 1172 or 1250
Frequency Response Analyzer. For all impedance measurements, the Solartron
sine wave output was superimposed on an applied DC bias from a Princeton
Applied Research Model 173 potentiostat. Solartron potential and current
input leads were taken directly from the cell and not from the potentiostat
electrometer and current output jacks. A unity gain voltage follower based on
an AD 521J operational amplifier was placed between the cell and the potential
input of the Solartron to avoid polarizing the referenge electrode. The
amplifier had a differential input impedance of 3 X 10° ohms, and a flat
frequency response (+ 1%) at unity gain to 75 kHz. The voltage follower was
accurate to 0.1 mV DC relative to a digital voltmeter.

Planar electrode impedance spectra were recorded over a range of DC
potentials. Impedances were usually measured sequentially without repolishing
the electrode between measurements. Electrodes were first polarized for two
hours at the lowest potential of a given measurement sequence (typically -150
mV). The impedance spectrum was recorded, followed by a potential step
(usually 100 mV) to the next highest potential. After one hour at the higher
potential, another impedance spectrum was recorded. This procedure was
normally repeated up to about 500 or 600 mV.

Porous electrode impedances were recorded in the fully discharged
condition (0 mV). They were recorded periodically after selected numbers of
charge/discharge cycles. The cycling process is described below, and one hour
elapsed at constant potential (0 mV) before impedance spectra were recorded.

Charge/Discharge Cycling

Porous electrodes were cycled at constant current using an ECO Model 545
Galvanostat/Electrometer. Various charging currents were used, but the
electrodes were always discharged at twice the charge rate. They were usually
charged to 100% of rated capacity, and were fully discharged (100% DOD) on
each cycle. Four or five "conditioning" cycles were completed before
impedance data were recorded.

The galvanostat provided for automatic current reversal at selected
potentials by presetting front panel potentiometers. However, in most cases,
it was necessary to use constant charging and discharging times. Two timers
were used to control switches connected to charge and discharge trigger inputs
on the galvanostat When charging efficiency was less than 100%, it was
necessary to stop the discharging current before the end of the set discharge
time. A voltage comparator based on an LM 311 amplifier was constructed and
included in the timer circuitry to stop the discharging current prematurely at
any selected potential until the next charging cycle started.
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RESULTS AND DISCUSSION

Planar Electrodes - Cyclic Voltammetry

Cyclic voltammetry was used to determine the extent of oxygen evolution
during nickel hydroxide oxidation. Oxygen evolution is a parasitic reaction
during charging of nickel battery electrodes, and oxygen gas bubble formation
may contribute to electrode degradation by generating internal stresses within
the electrode pores. The large KOH concentration and elevated temperatures
used in this study serve to enhance oxygen evolution by decreasing the
overpotential.

For most cycling experiments, only one anodic oxidation peak, appearing
at about 500mV, was recorded prior to oxygen evolution. Similarly, only one
oxyhydroxide reduction peak at about 300mV was observed on the reverse sweep.
Similar voltammograms have been reported for nickel in various alkaline
solutions (Ref. 14,19).

At the highest sweep rate of 100mV/s, no steady state voltammogram was
observed even after cycling continuously for over 19 hours (Figure 3). Both
the anodic peak currents and anodic charge were found to increase steadily
with time, but at a decreasing rate. Cathodic peak currents and the
associated cathodic charge were difficult to determine since the cathodic
current base line was obscured by the oxygen evolution current. However,
minimum and maximum values for the cathodic parameters were estimated. For
the first few tens of cycles, results indicate that more charge is consumed
during hydroxide formation on the cathodic sweep than is liberated during
oxyhydroxide formation on the preceding anodic sweep (q.>q,). This is
possible if oxygen becomes trapped within the film or does not desorb from the
film/electrolyte surface rapidly, and is reduced during the subsequent
cathodic sweep (Ref. 20). After several additional cycles, the anodic charge
becomes larger than the cathodic charge (q,>q.). This suggests that athe
nickel substrate oxidizes during cycling and possibly that some film
dissolution occurs.

Cycling time at 100 mV/s had only a minor effect on the proximity of the
hydroxide oxidation peak to the oxygen evolution line at ambient
temperature. The anodic peak potentials initially decreased and then
increased with cycling time, but overall the changes were small, as indicated
in Figure 3.

Anodic peak potentials were closer to oxygen evolution curves at higher
temperatures. Figure &4 shows voltammograms at 0, 45, and 100°C after 10
cycles at 100 mV/s. Nickel hydroxide oxidation and oxygen evolution are
within about 100 mV at 100°C compared with more than 200 mV at 0°C. The
separation decreases primarily because of the shift in the equilibrium
potential for oxygen evolution to more negative values and a decrease in the
overpotential for this reaction. Furthermore, at higher temperatures, the
anodic peak shifts closer to the oxygen evolution line with increasing cycle
time (Figure 5). In a relatively short time, the anodic peak disappears
completely from the voltammogram trace (Figure 6), although the presence of
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the cathodic peak indicates that nickel hydroxide oxidation occurs
simultaneously with oxygen evolution. At 100°C, anodic peak shifting is even
more rapid, while at 0°C virtually no peak shifting with cycle time is
observed.

As noted by Macdonald and Owen (Ref. 21) and by McKubre and Macdonald
(Ref. 19), the reversible potentlal for oxygen evolution is more negative than
that for Ni(OH),/NiOOH at all temperatures of interest. The appearance of the
nickel hydrox1de oxidation peak on the voltammograms is due to a high
overpotential for oxygen evolution. However, as the temperature is increased,
the overpotential is reduced, such that at 80 C and after extensive cycling a
distinct oxidation peak is no longer observed. This phenomenon may have’
serious consequences for porous nickel electrode performance in concentrated
alkali solutions at elevated temperatures, because oxygen evolution in the
pores will occur simultaneously with charging. As noted previously, gas
formation within the pores may contribute significantly to internal tensile
stresses that can rupture particle-particle ohmic contacts within the active
mass. Also, oxygen evolution represents a significant parasitic process that
will lower the coulombic eff1c1ency of the porous electrode over a

charge/dlscharge cycle.

The anodic charge and peak current associated w1th nickel hydrox1de
oxidation increase considerably at higher temperatures, suggesting that more
active materlal is present on the electrode surface. If film thickness is
assumed to be proportional to anodic charge, then thicker films are formed at
higher temperatures in a given number of cycles. A proportionality between
charge and film thickness is supported by the work of McKubre and Macdonald
(Ref. 19) where no ev1dence of film dissolution in rotating ring disc
experiments is reported. This indicates that an increased battery electrode
capacity might be anticipated if battery electrodes are operated at higher
temperatures, but of course any advantage may be offset by the decrease in the
oxygenrevolution overpotential noted above.

Planar Nlckel Electrodes - Electrochemlcal Impedance Spectroscopy

The transmission line model requires a knowledge of the interfacial
electrolye/pore wall and electrolyte/backing plate impedances. It is assumed
in this work that these impedances can be described by the impedance of a
planar electrode in the same electrolyte ‘This assumption can be supported by
several arguments. First, neglecting pore wall curvature, the basic structure
of the sintered battery electrode at the electrolyte/pore wall interface,
consisting of the metal, film, and electrolyte, should be similar to that for
a planar electrode. The structure of the rolled and bonded porous electrodes
deviates somewhat from this geometry but it is similar if the graphite is
regarded as a substitute for the metal phase. Second, a concentrated
electrolyte was selected for this study, so electrolyte depletion within the
pores of the porous electrode should be minimal, particularly after one hour
at constant DC bias prior to the measurement of the AC impedance spectra. The
electrolyte concentration at the pore wall should be approximately the same as
that at the film/electrolyte interface for a planar electrode.
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In this study, an equivalent circuit for planar electro-oxidized (thin)
film electrode impedances is used as the interfacial impedance input to the
transmission line model. It can be argued that planar thick film electrode
impedances should be used, since the active material in nickel battery
electrodes is typically chemically or electrochemically deposited to a
relatively large thickness within the pores. However, thick films themselves
can be porous. Electro-oxidized thin films have comparatively smooth surfaces
and are more suitable for use as interfacial impedances in the transmission
line model.

Impedance spectra were recorded in sequences of increasing applied DC
bias. Figures 7 and 8 show a typical sequence of ambient temperature Bode
plots of log |Z| vs. log w, and phase angle vs. log w, respectively, where |Z]
is the impedance magnitude, w is the angular frequency (2nf), and the phase
angle is the arc tangent of the ratio of the imaginary and real parts of the
measured impedance. Impedance magnitudes are found to decrease with
increasing potential, and a large decrease is observed 